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Abstract
  Because of their solitary characteristics, magnetic impulse events  (MIEs) accompanied with 
traveling convection vortices (TCVs) are known as unique geomagnetic disturbances offering an 
opportunity to study the interaction processes among the solar wind, the bow shock, the 
magnetosphere, and the ionosphere. Although the transient response of the magnetosphere to the 
solar wind discontinuities is known as the most prominent cause of MIEs and TCVs, the detailed 
generation mechanisms of MIEs and TCVs remain unsolved. The purpose of this study is to 
elucidate their generation mechanisms and to understand the fundamental physical processes 
associated with the transient response of the Earth's magnetosphere to solar wind discontinuities. 
  For this purpose, a comprehensive event study is performed first, focusing on a TCV event on 
May 22, 1996. The whole available data are analyzed for this TCV event. From a three-dimensional 
analysis using multiple spacecraft, the solar wind source of this TCV event is identified to be a 
tangential discontinuity (TD) exhibiting a rapid turning of the interplanetary magnetic field (IMF). 
This TD has an abnormal orientation, and satisfies the criteria for the formation of the hot flow 
anomaly (HFA) at the bow shock. The magnetopause deformations due to the  HFA can explain not 
only the triggering process, but also the temporal and spatial evolution of the three-dimensional 
current system derived from ground magnetometer data analysis, and all other observed features of 
this TCV event. Other generation mechanisms such as direct compression due to solar wind pressure 
pulses or dayside reconnection burst alone can not explain all of these features. The 
three-dimensional current system of TCVs causes a transient production of localized dayside aurora 
and localized F region irregularities, with hundreds of km horizontal extent in the ionosphere. From 
a model fitting, the total current intensity of this current system is estimated as 0.1-1 MA, and the 
total power supply into the ionosphere is estimated as 1-10 GW. 
  In order to reveal the contribution rates of the  FIFA mechanism and other generation mechanisms 
to produce TCVs, a statistical analysis is performed, focusing on the relationship between  MIEs and 
IMF discontinuities. Continuous wavelet transform is applied to the magnetometer data obtained at 
South Pole station to detect 825 MIEs automatically for the 8 year period 1995-2002.  IMF 
discontinuities are also detected for the same 8 year period. Significant correlation is found between 
occurrences of MIEs and IMF discontinuities. The solar wind conditions of low-density, high-speed, 
and/or radial IMF are identified to be favorable for the production of MIEs. Of the 36 one-to-one 
correspondence events between MIEs and IMF discontinuities,  —70% of IMF discontinuities are 
found to be TDs. The HFA mechanism can explain at most  —50% of the MIEs, and dayside 
reconnection burst or solar wind pressure pulses are possibly associated with  —30% and  —20% of the
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MIEs, respectively. All of the obtained results are consistent with HFAs and foreshock cavities being 
the main causes of MIEs. 
 The essential effect by the production of HFAs or foreshock cavities at the bow shock can be 
simplified and represented by a localized density pulse superposed just in front of the bow shock. 
The transient response of the magnetosphere and the ionosphere to such a localized density pulse is 
investigated using a global magnetohydrodynamic  (MHD) simulation to quantitatively understand 
how the three-dimensional current system arises in the magnetosphere and the ionosphere. The 
simulated ionospheric disturbances exhibit many properties similar to those observed during actual 
TCVs. The simulated TCVs are driven by pairs of field-aligned currents. The generation 
mechanisms of the field-aligned currents in the magnetosphere are evaluated in terms of a wave 
equation of field-aligned currents. The source current is found to be inertial current associated with 
plasma acceleration in the magnetosphere near the impact region. The inertial current is converted 
into the field-aligned currents off from the equatorial plane via the curvilinear effect of the 
geomagnetic field. Inhomogeneous effect also contributes to generation of the field-aligned currents 
at the sharp gradient of  Alfven speed. 
 The whole topics associated with TCVs are compiled in this thesis. The generation mechanism 
and the energetics of TCVs are quantitatively revealed based on both observations and theories. The 
bow shock plays a dominant role for the generation of TCVs via the production of  HFAs and 
foreshock cavities. It is concluded that TDs are the most effective solar wind discontinuities to 
produce TCVs, and the three-dimensional structure of TDs is essential to understand and to predict 




 1.1 Transient Response of the Earth's Magnetosphere
  The interplanetary space is not a perfect vacuum and is filled by magnetized tenuous plasma 
constantly flowing outward from the solar coronal region. This plasma flow is termed the solar wind, 
and the magnetic field existing in the solar wind is termed the interplanetary magnetic field (IMF). 
Because of large conductivity of the solar wind, IMF is "frozen in" to the solar wind plasma. In the 
vicinity of the Earth's orbit, normal solar wind speed, proton density, proton temperature, and IMF 
intensity are in the ranges of  300-800 km/s, 1-40  /cc,  103-106 K, and 0-20 nT,  respectively. 
  Geomagnetic disturbances studied in this thesis are related to the microstructures of the solar wind 
with spatial scales of 1-10 RE. These spatial scales correspond to the time scales of 10 s to several 
 min in the vicinity of the Earth's orbit. Rapid IMF directional changes with such spatial scales are 
termed IMF discontinuities.  IMF discontinuities are one of the fundamental microstructures of the 
solar wind plasma. Two types of IMF discontinuities are frequently observed in the vicinity of the 
Earth: tangential discontinuities (TDs) and rotational discontinuities (RDs). TDs are identified by a 
lack of the magnetic  field normal across their surfaces. TDs are considered as a surface separating 
two different types of plasma because TDs have no mass flux across their surfaces. The direction and 
intensity of magnetic field, the density and temperature of plasma, and even the composition of 
plasma are different on both sides of the TD surface. TDs are "frozen in" to the solar wind and do 
not propagate with respect to the solar wind. On the other hand, RDs have the nonzero normal 
component of the magnetic field and have mass flow across their surfaces. RDs do not usually 
exhibit changes in the magnetic field intensity, and propagate with respect to the solar wind at the 
 Ally& speed. 
 The territory of the Earth's internal magnetic field is spatially confined due to the interaction 
between the geomagnetic field and the solar wind. This geomagnetic territory is termed the Earth's 
magnetosphere. The outer boundary of the Earth's magnetosphere is termed the magnetopause. The 
geomagnetic  field is shielded by the surface current flowing on the magnetopause. The  Alfven mach 
number of the impinging solar wind is so large that a standing shock surface is formed ahead of the 
Earth's magnetopause. The curved shock surface is termed the bow shock. Across the bow shock, 
kinetic energy of the solar wind is converted into the thermal energy to slow the solar wind to 
 sub-Alfvénic speed. The region of the  sub-Alfvënic solar wind behind the bow shock is called the
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magnetosheath. 
  The Earth's ionosphere is globally formed in the upper atmosphere in the altitude range 80-800 
km. The altitude range  150-500 km is termed the F region. The altitude range 90-150 km is called 
the E region, and the ionization region below 90 km is termed D region. In the polar ionosphere, 
neutral atmosphere is effectively ionized by solar ultraviolet radiation and auroral electron 
precipitation. The peak plasma density region is called the F peak and this peak attains values as 
high as 106  /cc at noon. Near the peak of the plasma density the dominant ions are  0'  , although 
 NO and  0', become more important below the peak. 
  In the magentohydrodynamic (M.HD) coupling system of the ionosphere and the magnetosphere, 
the ionosphere approximately behaves like a spherical conducive shell. Field-aligned currents 
generated in the magnetosphere act as a power supply into the conductive ionosphere. In response to 
this power supply, the ionospheric potential is formed to complete the zero divergence of the 
ionospheric currents, and ionospheric plasma moves along the equicontour lines of the ionospheric 
potential. This plasma motion is termed the plasma convection. 
  The Hall current, that is the horizontal ionospheric current flowing perpendicular to both the 
magnetic field and the electric field, flows oppositely to plasma convection and usually has 
negligible divergence. On the other hand, the Pederson current, that is the horizontal ionospheric 
current flowing perpendicular to the magnetic field and parallel to the electric field, contributes to 
establish the current system between the ionosphere and the magnetosphere. Ionospheric Joule 
heating is also caused by the Pederson current. Geomagnetic perturbations observed by ground 
magnetometers are mainly caused by the  Hall current because magnetic perturbations due to the 
field-aligned current and the Pedersen current tends to be canceled on the ground  [Fukushima, 
1976]. 
  Investigations of the mechanisms by which energy and momentum are transferred from the solar 
wind into the Earth's magnetosphere and ionosphere are an important subject of space plasma 
physics. There are two major processes of energy and momentum transfer; magnetic reconnection at 
the dayside magnetopause [Dungey,  1961] and magnetospheric compression due to dynamic 
pressure change of the solar wind impinging upon the magnetopause [Tamao, 1964]. The processes 
of the dayside reconnection and the magetnospheric compression are transient phenomena because 
typical time scales of these phenomena are 1-10  min as described below. 
 Short-lived  (-5  min) bipolar magnetic field perturbations are frequently observed by spacecraft in 
the vicinity of the dayside magnetopause. This phenomenon is termed the flux transfer event (FTE) 
and interpreted as a product due to spatially localized  (-1 RE) reconnection at the dayside 
magnetopause by Russell and Elphic  [1978]. The finding of FTEs indicates that the dayside 
reconnection is dominantly occurring as transient processes  [Haerendel et al., 1978]. FTEs are 
observed during periods of southward IMF orientation [Lee et al.,  1993]. The histogram of FTE
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recurrence rate has a peak at 3  min and the mean value is 8  min [Lockwood and Wild, 1993]. 
Although a vast majority of transient solar wind-magnetosphere interaction is explained in terms of 
FTEs, the mechanism to produce FTEs is still controversial [e.g., Lockwood and Hapgood, 1998]. 
 Another type of transient phenomena is a sudden compression of the magnetosphere. Regardless 
of IMF conditions, a rapid increase in the solar wind dynamic pressure causes such a sudden 
compression of the magnetosphere. As a result, jumps of the northward geomagnetic field intensity 
are observed by ground magnetometers worldwide but clearly in middle and low latitudes. This 
characteristic geomagnetic perturbation is called the sudden commencement (SC). The normal 
risetime of SC ranges from 1 to 20  min, and the jump in amplitude ranges from 10 to 100 nT. A 
scenario proposed by Araki [1994] successfully explains the overall characteristics of SCs. 
1.2 Magnetic Impulse Events and Traveling Convection Vortices 
 The magnetic impulse events  (MIEs), with amplitudes ranging from several tens to several 
hundreds of nanoteslas and durations ranging from 5 to 20  min, are often observed by dayside 
high-latitude ground magnetometers. Lanzerotti et al.  [1986] first suggested that  MIEs could be a 
possible ground signature of FTEs. Since FTEs explain a vast majority of the solar 
wind-magnetosphere interaction, this was a pioneering suggestion for investigating MIEs with great 
importance. Subsequently, using dense arrays of ground-based magnetometers, it was shown that a 
number of MIEs can be interpreted in terms of traveling convection vortices (TCVs) moving 
antisunward from the midday sector [Friis-Christensen et  al.,  1988; Glassmeier et  al_, 1989]. 
 TCVs are identified as east-west aligned pairs of oppositely directed convection vortices which 
propagate eastward or westward at speeds of 3-10 km/s over 5-15 minutes through the dayside 
ionosphere in magnetic latitudes of 70°-80°. Each vortex has a spatial scale of 1000-2000 km, and 
twin vortices encompass a local time sector of several hours. Many TCVs show the magnetic 
conjugacy in northern and southern hemispheres [Lanzerotti et al., 1991]. TCVs correspond to 
spatially localized and transient convection cells embedded in a large-scale convection pattern 
[Ridley et al., 1998]. TCVs are accompanied by enhanced electric fields  [Luhr et al., 1993], localized 
dayside aurora [Vorobjev et al.,  1994a,  1994b;  LUhr et al.,  1996], and pairs of upward/downward 
field-aligned currents [Vogelsang et al., 1993]. Many TCVs are caused by sudden changes in solar 
wind pressure and/or  IMF [Lanzerotti et al., 1987; Friis-Christensen et al., 1988; Glassmeier et al., 
 1989; Sibeck et  al., 1989; Lin et al., 1996a, 1996b; Cable and Lin, 1998]. Detailed mechanisms of 
the initiation and temporal evolution of TCVs remain open question because of at least two reasons. 
The first reason is a lack of  sufficient magnetometer network observations. It is difficult to track 
TCVs without dense and extended magnetometer networks. The second reason is that the solar wind 
origins of TCVs are not as obvious as the cases of FTEs or SCs. Because of their mysteries but
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 solitary features, TCVs are now recognized as the most important phenomenon to  understand the 
 transient coupling processes among the solar wind, the magnetosphere, and the ionosphere. 
  Statistical properties of MIEs have been investigated by many researchers. Note that the term 
 "MIEs" is basically used in this thesis as a magnetic signature of TCVs to ignore complicated 
problems in  terminology. Using the Scandinavian magnetometer array in magnetic latitude from 
—55° to  —67°, Glassmeier et al.  [1989] first showed that TCV occurrences have a single-peak 
distribution with a maximum occurrence in the magnetic local morning. On the other hand, based on 
conjugate magnetometer observations at magnetic latitudes of 73°-74°, Lanzerotti et al. [1991] 
showed that  MIE occurrences have a double-peak distribution around magnetic local noon. Also, 
Lanzerotti et al.  [1991] showed an average occurrence rate of 1.1 event/day. The maximum 
amplitudes of MIEs tend to be larger in the prenoon sector than in the postnoon sector [Sibeck and 
Korotova, 1996]. It is also known that  MIE occurrences have preference for radial IMF conditions 
[Konik et  al.,  1994; Sibeck and Korotova, 1996; Vorobjev et al., 1999]. The long term trend of 
 MIE/TCV occurrences is still under debate. The presence of semi-annual peaks of MIE occurrences 
was reported by Sibeck and Korotova [1996], based on magnetometer data acquired in the northern 
hemisphere. In contrast, Glassmeier et  al. [1989] found a minimum in occurrence during equinox, 
while Zesta et  al. [2002] recently concluded that there is no clear seasonal variation for TCV events. 
  Recently, the bow shock has been considered as a possible source region for TCVs since a hot 
flow anomaly (HFA) observed in the vicinity of the bow shock was shown to cause a TCV event via 
gross deformation (by some 5 RE) of the dayside magnetopause [Sibeck et  al., 1998, 1999; Sitar et 
 al., 1998]. HFAs, a kind of diamagnetic cavities [Schwartz et  al., 1985], have enhanced temperatures 
 (106-107 K) and large deflection of solar wind flow in the cavity structure. Such structures of a HFA 
are consequences of ions reflected at the bow shock being channeled along the current sheet of an 
incident TD [Schwartz, 1995]. This process requires a motional electric field pointing toward the TD 
on at least one side [Schwartz et al., 2000]. 
  Phenomena similar to HFAs without these enhanced temperature and flow deflection are called 
foreshock cavities. The foreshock cavities are frequently present in foreshock regions of 
quasi-parallel shocks [Sibeck et  al.,  2001]. Both HFAs and foreshock cavities were reasonably 
reproduced by recent global hybrid simulations, and it was shown that the arrival of IMF 
discontinuities is not needed to form the foreshock cavities [Lin, 2002, 2003]. Sibeck et al. [1989] 
and Fairfield et  al.  [1990] originally associated the foreshock cavities with compressions and 
rarefactions of the dayside magnetosphere. Recently, Murr and Hughes [2003] showed from in-situ 
measurements that a vast majority of TCVs in  their study resulted from the foreshock cavities. 
However, the solar wind origins of TCVs far upstream of the bow shock are not fully understood yet, 
particularly in terms of the importance of IMF discontinuities for the generation of TCVs.
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  The generation mechanisms of TCVs are also controversial, although recent observations suggest 
that small-scale pressure pulses are the most probable cause of TCVs  [Sibeck et  al., 2003; Murr et  al., 
20031. As summarized by Cowley  [2000], there are at least three generation mechanisms of 
field-aligned currents due to localized pressure pulses impinging upon the magnetopause. 
Glassmeier [1992] suggested the generation of a single field-aligned current at each end of a 
perturbed region based on the continuity of perturbed magnetopause current. Kivelson and 
Southwood [1991] predicted field-aligned current pair at each end by considering sheared flows due 
to in-out boundary motions. It is noted that the dominant source is diamagnetic current for the 
Glassmeier's model and inertia current for the Kivelson and Southwood's model, although 
field-aligned currents flow on the magnetopause in both models. On the other hand,  Ltihr et  al. 
 [1996] suggested that field-aligned currents are associated with the divergence of inertia currents at 
sharp density gradients on the inner edge of the low latitude boundary layer (LLBL). These three 
models paid attention to the processes in the equatorial plane. Combining these models, the recent 
work of Sibeck et al. [2003] approximates the relationship between field-aligned currents and 
localized pressure pulses in the LLBL in the equatorial plane. They showed that the most essential 
parameter in the source region is the azimuthal gradient of perturbed total pressure. Both inertial and 
diamagnetic currents are mixed as the source current in their hypothesis. 
 TCVs were also studied using numerical simulation techniques. Lysak and Lee [1992] simulated 
the transient response of the dipole magnetosphere to pressure pulses using a set of linearized cold 
plasma MHD equations. Their result showed that vortex structures tend to form on field lines 
resonant with the source frequency. Slinker et al.  [1999] are the first researchers who investigated 
the response of the ionosphere to a density pulse in the solar wind using a global  MHD simulation. 
They also reproduced pairs of ionospheric convection vortices traveling away from noon. Chen et al. 
[2000] investigated the response of the magnetosheath and the magnetosphere to a pressure 
enhancement accompanied by a TD using a global  MI-ID simulation. They showed that tailward 
traveling twin vortices and shear  Alfven waves arise in the dayside magnetosphere. These 
simulations tell us that the solar wind pressure pulse is one of the most fundamental sources of 
field-aligned currents driving TCVs. However, it is still unclear which proposed mechanisms of 
localized pressure pulses dominantly contribute to the generation of the field-aligned currents in the 
magnetosphere.
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1.3 Purpose of This Thesis 
  As described above, the generation mechanism of TCVs is still controversial, although TCVs are 
unique geomagnetic disturbances offering an opportunity to study the interaction processes among 
the solar wind, the bow shock, the magnetosphere, and the ionosphere. The purpose of this thesis is 
to elucidate the generation mechanism of TCVs and to understand the fundamental physical 
processes associated with the transient response of the Earth's magnetosphere to solar wind 
discontinuities. Chapter 2 describes the results obtained from a comprehensive event study of TCVs. 
The whole features and energetics of TCVs are discussed. Chapter 3 presents the results of a 
statistical study on  MIEs. Long-term observation data over the 8-year period 1995-2002 make it 
possible to identify the solar wind origins of  1V11Es. The relationship between MIEs and  IMF 
discontinuities are discussed. Chapter 4 presents the results of a simulation of TCVs. 
Three-dimensional global  MED simulation reveals that there are different types of sources for 
field-aligned currents to produce the  simulated TCVs. Finally, this thesis is concluded in Chapter 5.
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Chapter 2 
Comprehensive Event Study of TCVs
  This Chapter presents the results of a comprehensive event study on traveling convection 
vortices (TCVs). Data analysis is concentrated on a TCV event on May 22, 1996 because this event 
has a comprehensive data set which provides information on all topics discussed throughout this 
thesis. The whole available data are analyzed in this study in order to investigate the temporal and 
spatial evolution of TCVs. Several other events are referenced as additional evidences for discussing 
underlying physics in more detail. Table 2.1 shows the list of TCV events mainly consulted in this 
Chapter. All the listed events occurred in summer under quiet geomagnetic activity conditions.
Table 2.1. List  of  TCV events.









2 [Mende  et al.,  2001; Kataoka et  al., 2002, 2003] 
1 [Sibeck et  al  , 1999; Kataoka et  al  , 2003] 
 1+ [Kataoka et al.,  2001] 
1+ [Kataoka et al.,  2002]
2.1 Data Set
2.1.1 Ground Magnetometers
  Continuous magnetic field data obtained from ground-based magnetometer stations are available 
as the most stable and useful diagnostic tool for investigating transient geomagnetic disturbance 
events. In this study, we analyzed data obtained from networks of magnetometer stations in both 
northern and southern hemispheres. The locations of magnetometer stations used in this study are 
shown in Figure 2.1. The coordinates of the magnetometers are provided in Table 2.2. The 
CANOPUS (Canadian Auroral Network for the OPEN Program Unified Study) network [Rostoker et 
al., 1995] is shown by triangles. Greenland coastal and ice cap stations are shown by diamonds. The 
MACCS (Magnetometer Array for Cusp and Cleft Studies) magnetometer stations in Canada 
[Hughes and Engebretson,  1997] are shown by squares. Antarctic magnetometer stations are shown 
by circles. The overall instrumentation and objectives of the U.S. Automatic Geophysical 
Observatories  (AGOs) in Antarctica are provided by Rosenberg and Doolittle [1994]. The time
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resolutions are 5 s, 20 s, 5 s, and 1 s for CANOPUS, Greenland, MACCS, and Antarctic networks, 
 respectively.  In  Antarctica, search-coil magnetometers are also installed at AGOs, South Pole  (SP), 
and McMurdo (MM), with sampling frequencies of 2 Hz,  10  Hz, and 10 Hz, respectively. 
 The SYM-H index is available from the World Data Center for Geomagnetism, Kyoto University 
 (http://swdcwww.kugi.kyoto-u.ac.jp/). The SYM-H index is basically the same as Sugiura's hourly 
Dst index [Sugiura and Poros,  1971] except that the  SYM-H index consists of  1  min values from a 
different set of stations and uses a slightly different coordinate system. The SYM-H index is useful 
to identify occurrences of sudden commencements (SCs). Also, careful comparisons between 
variations in solar wind dynamic pressure and the SYM-H index enable us to precisely estimate the 
propagation time of interplanetary transient phenomena to the ground.
2.1.2 Super Dual Auroral Radar Network
 The SuperDARN (Super Dual Auroral Radar Network) coherent HF radars are designed to 
employ backscatter from high-latitude, field-aligned ionospheric plasma density irregularities as 
tracers of bulk plasma motion under the influence of the convection electric field [Greenwald et al., 
1985,  1995]. Each radar is operated at a specific frequency within the range from 8 to 20 MHz, 
although the operating frequency is typically —10 MHz, which corresponds to a wavelength of 
scattering plasma irregularities of 15 m. During the May 22 event, the whole radars were running in 
 normal scan mode. The radar scans through 16 beams in every two minutes and the dwell time on 
each beam is 7 s. Each beam is separated into 75 range gates, 45 km in length with a distance to the 
first gate of  180 km. Doppler line-of-sight velocities and spectral widths are derived by the  FITACF 
algorithm [Villain et al.,  1987, Baker et al., 1988]. 
 The Doppler spectral width is a measure of the variation of the electric field in both the spatial 
domain (the radar sampling cell, typically 45 km by 100 km in dimension) and the time domain 
(variations occurring during the radar integration time which is 7 s). A large increase in the Doppler 
spectral width indicates that the electric field has varied rapidly in one or both of these two  domains. 
Andre et  al. [1999, 2000] evaluated the impact of a time-varying electric field on the Doppler 
spectral width. A number of authors demonstrated that the equatorward edge of the radar backscatter 
region showing broad (>220  m/s) Doppler spectral widths is coincident with the equatorward edge 
of the cusp particle precipitation and  CH 630.0 nm auroral region [Baker  et  al., 1995; Rodger et al., 
1995; Yeoman et al., 1997; Milan et  al.,  1999].
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2.1.3 Satellite Observations
 With the advent of the International Solar Terrestrial Physics (ISTP) program, data from a number 
of satellite missions are used to investigate the interplanetary conditions that prevailed at the time of 
the TCV event. Interplanetary data from the spacecraft ACE, Wind, IMP8,  Interball, and Geotail 
spacecraft have been used in order to provide information on the interplanetary magnetic field (IMF), 
solar wind velocity, proton number density, and proton temperature.  All of these data are available at 
CDAWeb  (http://cdaweb.gsfc.nasa.gov/) operated by the Space Physics Data Facility at Goddard 
Space Flight Center. Magnetometer data from the GOES spacecraft is also available at the CDAWeb, 
are used to investigate geosynchronous magnetic field perturbations. 
 Data from the Ultraviolet Imager (UVI) instrument aboard the POLAR spacecraft [Ton et al., 
1995] are used to investigate the effect of auroral electron precipitation in global view. The UVI has 
five filters with different wavelength bands. The band used for this study is the 
 Lyman-Birge-Hopfield long  (LBH1) band in the range of 160-180 nm. The auroral brightness from 
the  LBH1 band depends mainly on the total precipitating energy flux over a wide range of 
precipitating electron energy [Germany et  al., 1994]. All images shown are integrated for 36.8 s. 
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 Figure 2.1. Magnetometer station map in northern and southern polar regions higher than  50° 
geographic latitudes  (top), and higher than 60° corrected geomagnetic latitudes (bottom). 
Corrected geomagnetic latitudes of 60°. 70°, and 80° are indicated by solid lines in the top maps 
Magnetometer stations of  CANOPUS,  MACCS, Greenland, and Antarctic networks are shown 
by triangles, squares, diamonds. and circles, respectively Red characters show the magnetically 
conjugate magnetometer stations analyzed in Section  2.3.1
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Table 2.2. Geographic (GLAT and GLON) and corrected geomagnetic (MLAT and MLON) 
coordinates of magnetometer stations. MLTMN is given by UT of magnetic local midnight.
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2.2 Method of Analysis 
2.2.1 Magnetometer Data Analysis 
  Throughout this Chapter, H, D, and Z are used to designate local geomagnetic (LGM) coordinate 
directions: H for south-north (magnetic field increase northward), D for west-east (field increase 
eastward), and Z for vertical (increases in field corresponding to changes downward in the northern 
hemisphere and upward in the southern hemisphere). Usually, raw data from magnetometer 
observations are obtained in the LGM coordinate system. On the other hand, corrected geomagnetic 
(CGM) coordinates are used in the following analysis. The translation from LGM coordinates to 
CGM coordinates is performed via geographic (GEO) coordinates. The declination angle,  0,,, is used 
to translate from LGM to GEO, and the oval angle,  q„ is used to translate from GEO to CGM. The 
declination angle is defined as the angle between the directions to the GEO pole and the LGM pole, 
and the oval angle is defined as the angle between the directions to the GEO pole and the CGM  pole. 
Oval and declination angles increase eastward (westward) in the northern (southern) hemisphere 
from the GEO pole direction defined as zero  degrees. The translation from LGM to CGM is given by 
the relation 
   j 
            (Y (cos(e
D —090) -sin(0c,—00)\'W 
         X=\sin(OD—GO) cos(OD—0,D),H(2.1)                                                  )' 
where X and Y are the northward and eastward components in the CGM coordinate system, 
respectively. Description and software of the CGM coordinate system are available from the web site 
of Goddard Space Flight Center  (http://nssdc.gsfc.nasa.gov/space/cgm/cgm.html). 
 As suggested by Fukushima  119761, it can be assumed that ground level magnetic field 
perturbation caused by field-aligned currents is the same as that caused by ionospheric Hall current 
when the ionospheric conductivity is horizontally uniform. Based on this Fukushima's theorem, the 
horizontal component of ground level magnetic field perturbation is rotated by  90° to provide the 
direction of ionospheric plasma  convection. In order to extract the signal of interest, 
running-averaged time series with a 30  min window is subtracted from each component in advance.
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2.2.2 Solar Wind Data Analysis
  A normal vector of an IMF discontinuity is a clue to distinguish the property of the discontinuity. 
For example, tangential discontinuities (TDs) do not have a normal component of the magnetic field, 
whereas rotational discontinuities (RDs) do. Inversely speaking, it is worthwhile to note that the 
normal vector of a TD is simply deduced by a cross product of magnetic fields immediately 
upstream and downstream of the TD. On the other hand, the normal vector is a necessary element to 
estimate the Earth's arrival time of the discontinuity. For example, assuming a tilted plane with the 
normal vector  n  , when it is propagating at the constant velocity  V  , the time lag r from an 
observation point  ro to a location r is given as 
                                (r – r„)•nr = (2.2) 
 V  •  n 
The signal transmission typically takes 4-8  min from the bow shock to the magnetopause, assuming 
that the propagation speed is V/8 and the travel path in the magnetosheath is 3 RE. It also takes 
additional 1-2  min propagation from the magnetosphere to the ionosphere with an  Alfven speed of 
1000  km/s and a magnetic field line length of 10-20 RE. These parametric estimations are essentially 
based on the method of Lockwood et  al.  [1989] and references therein. 
 Minimum variance analysis (MVA) is generally applied to IMF discontinuities to provide the 
normal vector n of the discontinuity plane by computing the minimum value of the standard 
deviation, a , of the magnetic field component in that direction [Sonnerup and Cahill,  1967]; 
                           ,1 A                     0--=—E[B,  •n  –(B)-n]  , (2.3) 
 K  4=1 
where  B, is the k-th vector field measurement and  03) is the average vector defined by 
 1 
 (B) (2.4)  K k=1 
Minimizing the value of the standard deviation is equivalent to finding the smallest eigenvalue,  , 
of the covariant matrix defined by 
 (B,B,)–  (B,)(B,), (2.5) 
where subscripts  i,  j = 1, 2, 3 denote cartesian components. The  eigenvalues  Amin  Ant,  Ani..th are 
given here in order of increasing  magnitude A cutoff ratio of the intermediate to the minimum 
eigenvalues  An,  IA..> 2 is used in this study to avoid bad  estimation_
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2.3 Results 
 2.3.1 Geomagnetic Disturbances 
  Differences found in the amplitude and phase of magnetic perturbations observed at a pair of 
interhemispheric magnetically conjugate magnetometer stations provide important information for 
understanding the coupling processes working between the magnetosphere and the ionosphere . In 
Figure 2.2, geomagnetic perturbations obtained from magnetically conjugate pairs of northern and 
southern fluxgate magnetometers are shown with black and red lines, respectively. Conjugate 
magnetometer data are available at Taloyoak (TAL) and MM,  Naluit (IQ) and SP, and 
Kangerlussuaq (STF) and AGO P3 on the May 22, 1996 event, as shown in Figure 2.1. The X and Y 
components are defined as the northward and eastward components in CGM coordinates, and the Z 
component is defined as the vertical downward component in the  northern hemisphere and the 
vertical upward component in the southern hemisphere. A magnetic impulse event started at  —1310 
UT has a peak-to-peak amplitude of more than 100 nT in the three components at SP. A similar 
feature is also observed at IQ with almost the same duration and amplitude. In the Z component at 
SP, a positive pulse at 1312 UT, a negative pulse at 1315 UT, and a positive pulse at 1323 UT can be 
interpreted as traveling Hall current loops accompanied with downward, upward, and downward 
field-aligned currents, respectively. TAL and MM are located —6° poleward and —3 MLT (magnetic 
local time) downstream of the TCV propagation from IQ and SP, as shown in Figure 2.1. The 
solitary signature of TCVs is not clear in these stations anymore, implying the localized 
characteristics of the TCVs. STF and P3 are located  —1° equatorward and  —1.5  MLT upstream of the 
TCV propagation from IQ and  SP. The X-component perturbations are in phase, while the 
 Y-component perturbations are out of phase for these stations. This relationship in the horizontal 
components is similar to that of STF and P3. The Z-component perturbations are clearly out of phase 
for STF and P3 data, while in phase and out of phase relationship are mixed for perturbations at IQ 
and SP.
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   Figure 2.2. Fluxgate magnetometer data obtained at conjugate  magnetomet 
   (black) and southern (red) hemispheres. The approximate CGM latitude for 
   shown in parentheses. Running averaged time series with a 30  min window is 
   each data to extract the signal of interest. The locations of these conjugate pair: 
   shown in Figure 2.1. 
  Applying the magnetometer data analysis described in Section 2.2.1,  convect 
May 22 event are shown in Figure 2.3. Roughly, a clockwise (counterclockwise 
is interpreted as field-aligned currents flowing into (out of) the ionosphere in 
southern hemispheres. It is shown that at 1310 UT in the northern hemisphere, a 
pattern appeared, with a counterclockwise vortex in the 8-12  MILT sector and a 
the 12-15  MLT sector. In addition, a strong poleward and duskward flow  oc( 
magnetic noon at 73°-80° CGM latitudes  (MLAT). This flow changed its direci 
and dawnward at 1316 UT, resulting in a reversed two-cell convection pattern 
sector at 1318 UT. The guiding center of TCVs moved westward at 70°-75°  MI 
noon sector during the  interval 1310-1318 UT. The averaged speed of the  guidi 
3-5 km/s at ionospheric altitude. The northern and southern convection  patt( 
 identical_ The amplitudes of the magnetic perturbations, however, are sma 
hemisphere, except for comparable magnetic perturbations at SP and IQ, which a 
guiding center of the TCVs.
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  Figure 2.3. Convection patterns in CGM coordinates for the time interval 1306-1322 UT on 
  May  22, 1996. The lengths of arrows are expressed in nT. Thick red arrows represent flow 
  vectors obtained from magnetometer data in the southern hemisphere . Red and blue contours 
  mean the regions with positive and negative values of the Z component in the northern 
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2.3.2 Ionospheric Disturbances
 Figure 2.4 shows the distributions of  backscatter power, Doppler line-of-sight velocity, and 
spectral width measured by SuperDARN on May 22, 1996. Positive (negative) velocities represent 
irregularity toward (away from) the radars. From Figure 2.4, it is found that the TCVs are 
accompanied by localized  backscatter regions, named as "backscatter blobs" hereafter, in the sunlit 
northern hemisphere. The  backscatter blobs convected along with the tailward bulk motion of TCVs 
across three fields-of-view of HF radars for ten minutes. At  1312-1314 UT, the backscatter blob first 
appeared in the 10-12  MLT and 75°-85°  MLAT sector in the field-of-view of the Goose Bay radar, as 
shown in the left two columns of Figure 2.4. At 1318-1320 UT, the backscatter blob reached to the 
7-9 MLT and 74°-77° MLAT sector in the field-of-view of the Kapuskasing radar, as shown in the 
right two columns of Figure 2.4. After these periods, the backscatter blobs decayed in the 
overlapped fields-of-view of the Kapuskasing-Saskatoon pair radars. From the comparison between 
Figure 2.3 and Figure 2.4, it is concluded that these backscatter blobs located near the leading edge 
of the upward field-aligned current.
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   Figure 2.5.  Histograms of the number of beam-range cells  for  (a) Doppler line-of-sight  velocity 
   and (b) Doppler spectral width within TCV-related backscatter regions. Percentagesof the 
   multi-peaked spectra are superposed with red lines and circles in the right panels. Sample 
   duration  is 1312-1322  UT  on May 22. 1996. 
  The spectral characteristics of backscatter blobs are investigated in detail. As shown in Figure 2.5, 
the histograms of the number of radar beam-range cells are constructed for the ranges of Doppler 
line-of-sight velocities and spectral widths within each TCV transient backscatter blob. The time 
interval used to construct the histograms is 1312-1322 UT. Since the backscatter blobs traveled 
across the three fields-of-view of HF radars during both intervals, counts are added for all three 
radars. 
  Figure  2.5a shows that Doppler line-of-sight velocities are almost unidirectional, mostly 
distributed around 400-600  m/s with flow directions away from the radar for this period. On the 
other hand, Figure 2.5b shows that the Doppler spectral width of backscatter is broadly distributed 
mainly in the range of 50-300  m/s, but sometimes over 400  m/s. The spectral forms of these 
backscatters during the time interval  1312-1322 UT are investigated in more detail. Although 
single-peaked spectra are dominant, multi-peaked spectra are found occasionally. Now the 
'multi -peaked spectrum' is defined in this study as a spectrum that is composed of multiple distinct 
peaks clearly separated each other. Representative examples of multi-peaked spectral forms are 
shown by Kataoka et  al.  [2003]. Percentages of the multi-peaked spectra are represented with open 
circles connected with solid lines in the right panel of Figure  2.5b. Note that the percentage of the 
multi-peaked spectral occurrence is significantly enhanced up to 80-100% in the range of extremely 
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   Figure 2.6. Polar UVI  LBH1 observations of aurora from 1306:38 UT to  1318:54 UT on May 22 
   1996. Magnetic local noon is at the top of each image, and dawn is to the right. CGM latitudinal
   circles are drawn at  50°, 60°, 70°, and 80°. 
2.3.3  Auroral Dynamics
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  POLAR observations of the May 22 event are shown in Figure 2.6. The UVI instrument has a 
wobble of  —10 pixels and this affects the resolution of the image in the directions of the wobble. In 
the May 22, 1996 images, the wobble is roughly in the 15-3 MLT direction, and the wobble effect 
does not affect the result and discussion in this study. Transient  UV auroral enhancements appeared 
around noon at 1312:46 UT and moved westward (to the 8-10 MLT sector) in the next frame at 
 13l8:54 UT. From a comparison between Figure 2.6 and Figure 2.3, auroral enhancements are 
relatively strong in the clockwise vortex associated with the upward field-aligned current. The 
convection flow does not correspond to the  auroral motion, although the auroral motion corresponds 
to the propagation velocity of TCVs themselves. Localized UV aurora with similar properties was 
reported by Sitar et  al. [1998] for the TCVs associated with a hot flow anomaly (HFA) event on July 
24, 1996. Also,  backscatter blobs overlapped on the poleward and westward sides of the transient 
aurora as shown in Figures 2.4. In summary, clockwise vortex, negative Z values, UV aurora, and 
backscatter blob are nearly colocated, implying the relationship with the upward field-aligned 
current. 
 Mende et  al. [2001] investigated ground-based all-sky auroral images in Antarctica for the May 22 
event in detail. During the TCV interval 1310-1330 UT around the SP station, short-lived dayside 
 auroral activity was observed equatorward of the quiescent  auroral oval. This is important 
observational evidence showing that the field-aligned currents driving the TCVs are excited in the 
closed field line region. Also, small-scale  (-10 km) spatial morphology of electron precipitation was 
confirmed for  auroral emissions at the wavelengths of both 427.8 nm and 630.0 nm by Mende  et  al. 
[2001]. The existence of 427.8 nm emission means the hard electron precipitation of keV order, 
suggesting that local electron acceleration occurred. The 427.8 nm emission was observed 
concurrently with the passage of upward field-aligned current at 1316 UT. In association with
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large-amplitude TCVs, localized 427.8  nm emission with very similar properties was also reported 
by Murr et al. [2002]. They showed that the electron precipitation causing 427.8 nm emission carries 
reasonable field-aligned  currents
2.3.4 Interplanetary Conditions
  Figure 2.7 shows data of solar wind observations for the time interval 1100-1500 UT on May 22, 
1996. A rapid northward turning of the IMF Bz and a dynamic pressure enhancement are found at 
the time corresponding to the onset of this TCV, at 1255 UT on Wind at GSE (x, y, z)  = (124.1, -24.2, 
-6.5) and at 1244 UT on Geotail at GSE (x, y, z) = (26.3, 10.6,  -3.4). Note that the discontinuity 
occurred at Geotail  —11  min before it was observed at  Wind. This curious time delay can be 
explained by the three-dimensional inclination of the discontinuity plane. The solar wind speed was 
almost stable at 420-440 km/s. 
  In the May 22, 1996 event, Wind,  IMP8, Interball, and Geotail observed similar discontinuities as 
a possible source of the TCV event as shown in the bottom three panels of Figure 2.7. The normal 
vectors of the discontinuities associated with northward IMF turnings can be calculated at different 
satellite locations with an assumption of TDs. The result is shown in Table 2.3, and visualized in 
Figure 2.8. Since solar wind data from four different satellites are fortunately available, the normal 
vector is also calculated as 
                       (y,—)(V!,—V )                                                                    V.  n,  -"= R;.  /  T  (2.6)                     I (V
, —) x(V2—) 
where  Ru is the vector connecting satellite  i and  satellite  j , and  T,1 is the time lag from satellite  i  to 
satellite j. Taking the ACE satellite as the satellite 1,  n4 is calculated as  GSE (x, y, z) = (-0.17, 
-0.85, 0.51). All  n.m vectors are close to the  n4 vector with only a small difference between the 
 nTD direction and the  n4 direction (within  —20°). It is also seen from the results in Table 2.3 that 
 n  mvA derived from the MVA method using Wind high time resolution (3 s) data is almost identical 
to  nm at Wind. From these results, and considering a negligible value of  1B  •  nl  (-0 .01 nT), it is 
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Figure 2.7. Solar wind data for the time interval 1100-1500 UT on 22 May 1996. Top four 
panels show solar wind bulk speed (km/s), proton density  (/cc), dynamic pressure  (nPa)_ and 
proton temperature (MK) measured by the Wind satellite. Middle four panels show the total  IMF, 
 Bx,  By, and Bz components (nT) in GSE coordinates measured  by the Wind satellite. Bottom 
three panels show the IMF Bz component (nT) in USE coordinates measured by Geotail, 
















 150 100  50 
GSE  X
0 —50
Figure 2.8. Normal vectors (arrows) and front planes (thick lines) of the IMF discontinuity 
estimated at four satellite locations  in. GSE X-Z coordinates (top) and GSE X-Y coordinates 
(bottom). The  Earth's magnetopause and bow shock are depicted by solid and dashed lines, 
respectively. The magnetopause model used here is from Shue et  al.  [1998] for 2.0 nPa and zero 
IMF condition. The bow shock model used here is from Peredo et al. [1995] for  Alfven Mach 
number between 13 and 20. ignoring any IMF effects.
Table 2.3. Arrival times and normal vectors in GSE 
estimated at four satellite locations.
coordinates for the  IMF  discontinuity
















(-0.43, -0.85, 0.29) 
(-0.43, -0.80, 0.41) 
(-0.36, -0.95, 0.13) 
(-0.23, -0.96, 0.15) 
(-0.21,  -0.93, 0.31)
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Figure 2.9. Intersection of the tangential discontinuity (black lines) and the bow shock at 
 10-min intervals in GSE Y-Z coordinates for 1240-1320 UT on May  22, 1996. The bow shock 
surface is colored in gradational red from zero GSE X (black) to the bow shock nose (white). 
White dotted contour lines also indicate the GSE X component (in  RE) of the bow shock surface.
 Figure 2.9 show the intersection of the TD with the bow shock surface for the May 22 event. The 
bow shock model used here is from Peredo et  al. [1995] for  Alfven Mach number between 13 and 20, 
ignoring any IMF effects. The arrival time of the TD is calculated using the n4 and the equation 
(2.2). For simplicity, the solar wind velocity is fixed as (-420, 0, 0) km/s. From Figure 2.9, it is 
concluded that the Earth's arrival time of this TD is proper for the cause of this TCV event, even 
taking into account the transition time from the bow shock to the magnetosphere, and from the 
magnetosphere to the ionosphere as described in Section 2.2.2.
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2.4 Discussion 
2.4.1 F region Plasma Irregularity 
  The plasma instabilityis a key process to produce ionospheric plasma irregularities necessary for 
 HF radar  backscatter. It is discussed what kind of instability process can occur inside the transient 
backscatter blobs. The first concern is the unidirectional ine-of-sight Doppler velocity distribution 
in Figure 2.5a. This unidirectional distribution may suggest that the plasma flow direction controls 
the growth of instability. Since the gradient drift instability (GDI) occurs when the direction of the 
plasma drift is in the same direction to the background density gradient, this instability is a plausible 
candidate for the generation of irregularities inside the blobs. Note that plasma velocity inside the 
blob is predominantly away from the radar. Combining two-dimensional patterns of convection flow 
directions obtained by magnetometers (see Figure 2.3), the velocity vectors should be directed 
poleward and/or eastward. In that case, the background density gradient vector must be directed 
poleward and/or eastward to amplify the instability. According to the  TRI-90 model [Bilitza, 1990], 
the background density gradient produced by a sunlit effect is directed nearly eastward (with an 
increase of  —0.2 x  105 / cc per 2.0 MLT at 300 km altitudes) in the high-latitude prenoon sector for 
both events. However, this background density gradient alone is too small to produce GDI as 
discussed below. Another plausible candidate to produce localized and strong density gradient is the 
F region density wake structure of TCVs. The TCV wake can produce a strong poleward density 
gradient in the high-latitude portion of the TCV current system. From an ionospheric simulation, 
Schunk et al.  [1994] showed that localized temperature enhancement and electron density depression 
occur in the TCV wake structure when the maximum convection electric field is  100  mV/m 
corresponding to a drift velocity of 2 km/s. Valladares et  al.  [1999] showed the incoherent scatter 
radar signature of density depression by a factor of two at F region altitudes during a TCV event 
with magnetic perturbations larger than 100 nT. Both authors indicated that the  0+ recombination 
due to strong electric field causes density depression via enhanced frictional heating [Schunk et al., 
1975]. 
 The second concern is how large electric field or plasma flow speed is needed for a significant 
density depression in the TCV wake structure via  0+ recombination with  N2. The reaction rate k 1 
of  0+ with N2 was given by  St.-Maurice and Laneville  [1998] as a function of an effective 
temperature  Ti. for the reaction below. 
 0+  ±  N2NO+  + (2.7) 
The value of  Tor is given by the expression, 
                              (m
,U2          Teti  m, +m 3k8Tnj+(2.8)
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where  m,, and m, are the masses of neutral and ion reactants, respectively,  kn is the Boltzmann 
constant,  T, and  7,„ are the ion and neutral temperatures, respectively, and U is the magnitude of 
the relative velocity between ion and neutral motions. The ion temperature due to ion frictional 
heating above the 200 km altitude is given by [e.g., Schunk et  al,, 1975] 
                                     2 
                7;=+maU(2.9) 
                    3k 
where ma is the mass of the ambient gas. Assume an ambient gas consisting of atomic oxygen, and 
the effective temperature for  0+ recombination with N2 is given by  To =  T,,  +  82 x  10`'  U  2  . Assume 
that any production and transport terms in the continuity equation remain in a steady state, and that 
the loss term alone has an effect on the density depression because of its time constant. Then an 
approximate relation of the density depression rate a is formulated as 
               8[0]  
               a == (kl(Tee•)— kl(T„))[N 218 t(2.10) 
                 [0+] 
where  [N2],  [01  , and  8[0-1 are the number densities of nitrogen, oxygen ion, and its 
fluctuation during the time of  8t. We choose  a t  =10' s as a typical time for TCV transients. 
  The one dimensional  GDI growth rate is given by Linson and Workman [1970] as 
 GD1  = (2.11) 
where  Lis the scale length of the plasma density gradient, i.e.,  L=n11Vnl. It is expected that the 
GDI growth rate would be huge because the backscatter blobs suddenly appeared with the TCV 
timing in both events as shown in Figure 2.4. Such a huge growth rate allows us to use an 
instantaneous GDI growth rate for correct estimation, nevertheless the history of plasma along the 
streamline should be considered in general [Sojka et  al., 2000]. In order to accomplish  GDI during 
TCV duration, the growth rate  v  GDI would be  larger than at least  10-3  S-1 If the created density 
slope has a scale of 102 km,  Ua should be larger than  10-1 km/s. 
 The density depression rate is plotted as a function of U with a solid curve in Figure 2.10. With 
typical values from the MSISE-90 model [Hedin,  1991] under sunlit high latitude conditions at 300 
km altitude  ([N2]  108  cm-3 and  T„ = 800  K  ), it is found that the relative velocity between ion 
and neutral species, U, is needed at least  1.7 km/s for producing GDI at this condition. Also, an 
effect on density depression due to convection flow less than 1.0  km/s is negligible (<1%). In Figure 
2.5a, it is shown that the Doppler velocity is typically distributed in the range 400-600  m/s. It is clear 
from the Figure 2.10 that the observed flow speed is too slow to meet the criteria. Also, it is 
expected that the velocity of 400-600  m/s is not significantly underestimated as an actual velocity 
because convection patterns derived from magnetometers imply almost the north-south aligned 
velocity as shown in Figure 2.3. In this reason, it would be impossible for this one-dimensional GDI 
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Figure 2.10. Density depression rate (solid line) and a 
line) as a function of plasma flow  velocity.
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  There are other possibilities to produce irregularities. In Section 2.3.3, it was shown that the 
backscatter blob is located in the poleward and westward part of transient UV aurora, and that 
electron precipitation is relatively strong in the upward field-aligned current region. The localized 
upward current distribution around the blob may have a possibility of making the density 
irregularities. The current convective instability (CCI), that is the three-dimensional version of  GDI 
caused by the upward field-aligned current  [Ossakow and Chaturvedi, 1979], could elevate the GDI 
growth rate significantly, compared with the one derived from the one-dimensional GDI scenario 
described above. Note that CCI occurs even under the stable condition for GDI. It is further 
speculated that the growth rate could be rapidly enhanced via some nonlinear processes such as a 
production of density irregularities due to structured electron precipitation themselves [Kelley et al., 
1982], and a formation of strong background density gradient in the F region due to transient 
soft-electron precipitation within the TCV current system. In this scenario, observed unidirectional 
Doppler velocities are also explained because the motion of the irregularity region is fixed under a 
portion of the TCV current system where the growth rate is maximized. From the discussion above, 
it is concluded that the transient backscatter blob would not be produced by one-dimensional GDI 
process but by the three-dimensional GDI process through the nonlinear rapid evolution of 
instabilities in the upward field-aligned current region.
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Figure 2.11.  Histograms of the number of beam-range cells for extremely broad spectral  width. 
Percentages of the multi-peaked spectra are superposed with red lines and circles.
2.4.2 Spectral Width Enhancement
  Another unsolved problem in the ionospheric response of the TCVs is the occurrence of 
multi-peaked Doppler spectra in the localized backscatter blob accompanying the TCVs. What is the 
cause of multi-peaked spectral forms and large increases in spectral widths? The Doppler spectral 
width is a measure of the variation of electric field in both the spatial domain corresponding to the 
radar sampling cell (typically 45 km by 100 km in dimension) and the time domain corresponding to 
the radar integration time of 7 s. A large increase in the spectral width indicates that the electric field 
has varied rapidly in one or both of these two domains. Figure 2.11 summarizes the temporal 
evolution of multi-peaked spectra and extremely broad spectral widths for the May 22 event. Most of 
these multi-peaked spectra and extremely broad spectral widths are found to be observed for the 
single scan period of 1314-1316 UT. 
 A possible source for making the short-lived, extremely broad spectral width is Pc 1-2 bursts 
because Pc 1-2 bursts are closely correlated with TCVs  [e.g., Sato et al., 1999; Fukunishi  et al., 
2002]. Kataoka et al.  [2001] found the occurrence of a pronounced increase in the Doppler spectral 
width when a TCV passed through the irregularity region associated with the TCV event on June 6, 
1997. Andre et al. [1999,  2000] have evaluated the impact of time-varying electric field on the 
spectral width as seen by SuperDARN. Even though the scenario of Andre et al. [1999, 2000] can 
explain how Pc 1-2 bursts make transient broad spectral widths and multi-peaked spectra, there has 
been no report so far on simultaneous occurrences of Pc 1-2 burst and backscatter with broad 
spectral widths. In this scope, search-coil magnetometer data are also analyzed for checking 
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Figure 2.12. Dynamic cross-spectrum using data obtained from search-coil magnetometer at SP 
(top). The cross-spectral power is normalized by N/(2  o  2), where N = 256 is the number of 
points of the window  interval. and  0- 2 =  w2+  0_  y2 = 0.022 (nT/s)2 is the variance of the 
horizontal components for this 30  min interval. Colored contours are at the normalized power of 
0.5.  1.0. 2.0. and 4.0. Geomagnetic perturbations in the Z-component obtained from fluxgate 
magnetometer at SP are also shown for comparison (bottom).
  In order to investigate Pc 1-2 wave activity during the May 22 event, a time-frequency analysis 
based on the Fast Fourier Transform is performed using the search-coil magnetometer data obtained 
in Antarctica. To extract activity of Pc 1-2 band in the frequency range of 0.1 Hz - 5.0 Hz, dynamic 
spectrum analysis is conducted using a Hanning window and by a sliding one forth of the window 
interval. The activity of Pc 1-2 band is clearly enhanced at SP station in association with the passage 
of the  TCV. Figure 2.12 shows dynamic cross-spectrum of the horizontal components in the 
frequency range from 0.1 Hz to 5.0 Hz. After subtracting 12.8 s running average, a  25.6  s window is 
selected for 10.0 Hz sampling search-coil magnetometers at SP. A  Pcl-2 burst is observed for the 
time interval 1315-1317 UT. A peak is found in the cross-spectral power between 0.3 and 0.4 Hz. 
The bottom panel enlarges perturbations in the Z-component to indicate the polarity of field-aligned 
currents. From a comparison of the two panels, it is speculated that Pc 1-2 burst occurred 
concurrently with an upward field-aligned current filament associated with the TCV. From a 
comparison between Figure 2.11 and Figure 2.12, it is expected that Pc 1-2 burst and enhancement 
in the Doppler  spectral width is closely related. This observational result supports the scenario of 
Andre et al.  [1999, 2000]. No  distinct Pc 1-2 band activity was observed at  PI and P5. The spectral 
analysis using search-coil magnetometer data can not be performed for MM and P3 because of bad 
data quality due to a lot of noise spikes on the  May  22 event. 
 It is worthwhile to note here that the distribution profiles of spectral width in Figure 2.5b have 
some similarities to the histograms obtained in the low-latitude boundary layer region by Baker et al.
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 [1995]. Andre et al.  [2000] also showed from a simulation study that the spectral width in the 
velocity gradient region is enhanced as large as —250  m/s. Combining the discussion above, it is 
concluded that the distributions of spectral width given in Figure 2.5b would be produced by two 
sources. One is the velocity gradient structure of vortices themselves, which produces a gradual 
background distribution from 50 to 300  m/s. The other is the time-varying electric field, which 
enhances the spectral width more than 400  m/s when Pc 1-2 burst exists.
2.4.3 Generation Mechanism
  What processes do determine the location and motion of TCVs? Why can only particular TDs 
trigger TCVs? These are the most fundamental questions for investigating the generation mechanism 
of TCVs. Bearing in mind that the source of the TCV event on July 24, 1996 is identified as a HFA 
[Sibeck et al., 1999], a possibility of the  FIFA formation and overall consistency are investigated in 
detail. It is assumed that  all the spacecraft were not at the right time and right place to identify the 
HFA because there is no direct observational evidence for the occurrence of HFA on the May 22 
event. This assumption becomes reasonable later in terms of the spacecraft locations as shown in 
Figure 2.8. Firstly, in order to investigate whether the HFA is a possible source for the TCV event on 
May 22, 1996, a geometric relation between the TD event and the bow shock is evaluated. 
  There are at least two criteria for producing  HFAs at the bow shock. The first criterion concerns 
the transit speed of TD along the bow shock. The kinetic description of a  FIFA creation suggest that 
the intersection of the current sheet with the bow shock must move sufficiently slowly along the bow 
shock so that reflected ions remain close to and interact with the current sheet of TD. A requirement 
for TDs whose normal vectors have large cone angles (> 60°) with small normalized transit 
velocities (< 0.3) has been suggested from the statistical analysis of HFAs by Schwartz et al.  [2000]. 
The second criterion concerns the motional electric field (MEF) accompanying TD. TDs create 
HFAs when the MEF is oriented toward the TD on one or both sides of the TD. The condition of 
inward pointing MEF can be checked by the angle  9 between the TD normal vector n and the 
solar wind MEF vector E  = —V x B in the prior to and after TD passage, where B is the magnetic 
field and V is the solar wind velocity. Since the negative X component of n is selected, the 
relationship for inward pointing MEF is that  c9,  > 90° and  0,  s,  <  90°. 
 The TD of the May 22 event has normal vectors with very large (-80°) cone angles as is shown by 
arrows in Figure 2.8. The normalized transit velocity of TD was less than 0.3 everywhere on the 
bow shock for at least one side of TD for each event. This TD also satisfies the condition of inward 
pointing motional electric field as  0,,  FL = 164° and  9nr  y, = 44°. From these results, the TD 
satisfies the conditions for the formation and evolution of HFA at the bow shock. Similar properties 
are confirmed for other TCVs, e.g., May 27, 1998 event [Kataoka et al., 2002] and July 24, 1996
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event [Sibeck et  al., 1999]. Once a HFA is formed at the bow shock, the  HFA structure should move 
with the intersection of the TD and the bow shock [Sibeck et  al., 2000]. TCVs caused by HFAs will 
move mainly in the longitudinal direction along the azimuthal sweep motion of the intersection line. 
The westward motion of the TCVs on the May 22 event is consistent with the dawnward sweep 
motion of the intersection line as shown in Figure 2.9. 
  Snapshots of the TCVs and the expected deformations of the  dayside magnetosphere at  1310 UT 
and 1316 UT in the  May  22 event are schematically shown in Figure 2.13. The formation of a HFA 
is assumed to start near the nose of the bow shock where  HFAs are preferentially  formed. Possible 
effects of pressure pulses and bursty flows due to anti-parallel dayside reconnection are also 
schematically illustrated in Figure 2.13. Basically,  l-IFAs and pressure pulses deform the 
magnetosphere outward and inward, respectively [Sibeck et al., 2000]. The deformation of the 
magnetopause produces field-aligned currents via vortical plasma flows and/or divergence of the 
inertia currents in the closed boundary region as reviewed by Cowley [2000]. On the other hand, 
anti-parallel reconnection would work as a voltage generator to produce field-aligned currents in 
both open and closed field line regions via merging of the solar wind motional electric field into the 
magnetosphere [Glassmeier and Heppner,  1992]. 
  It is worthwhile to note that the downward, upward, and downward field-aligned triplet structure 
at 1316 UT in Figure 2.13 is very similar to TCVs due to the HFA on July 24, 1996 as described by 
Sitar et al. [1998]. The first pair of leading downward and trailing upward field-aligned currents 
observed in the noon sector at 1310 UT in Figure 2.13 matches the two-cell convection pattern with 
a strong poleward flow around magnetic noon, and the second pair of leading upward and trailing 
downward field-aligned currents observed in the same sector at  1316 UT matches to a reversed 
two-cell convection pattern with a strong equatorward flow around magnetic noon. The effects of the 
magnetopause deformation in the closed field line region are expected to produce conjugate 
magnetic perturbations in the northern and southern hemispheres. In summary, all of the 
morphological features of the event can be explained by the HFA mechanism. 
 Several additional pieces of evidence support the conclusion that only the  HFA mechanism can 
select the appropriate solar wind discontinuities for the generation of TCVs, even though there are 
many  IMF Bz turnings or pressure pulses in the solar wind. Combining the TCV event on May 27, 
1998, it can also be concluded that pressure pulses or IMF Bz turnings alone are not a sufficient 
condition for triggering TCVs as demonstrated by Kataoka et al.  [2002] in detail.
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Figure 2.13.  Summary sketch of traveling convection vortices and expected deformations of the 
dayside magnetosphere associated with the arrival of a tangential discontinuity at 1310 UT and 
1316 UT on May 22, 1996. In the top diagrams, possible effects of pressure pulses and bursty 
flows due to antiparallel dayside reconnection are schematically illustrated by a 3D view of the 
dayside magnetopause. Dotted lines show the expected regions of antiparallel reconnection, and 
merging electric fields are denoted as Esw. In the bottom  diagrams, the equatorial cut of the 
dayside magnetopause is depicted with field-aligned currents flowing into or out of the northern 
polar ionosphere. Blue and red circles represent the guiding centers of clockwise and 
counterclockwise vortices, respectively.
  As discussed above, although magnetopause deformation due to HFA formation at the bow shock 
can explain all observed morphological features and the triggering process of the TCVs, it is 
necessary to consider the additional effects of reconnection and pressure pulses, since interplanetary 
TDs often accompany abrupt north-south  IMF turnings and enhancements of dynamic pressure. It is 
worthwhile to note that a strong poleward and duskward flow around the magnetic noon meridian at 
1310 UT in the May 22 event can also be interpreted as a result of bursty merging at the dayside 
magnetopause that is caused by a relatively strong southward and dawnward  IMF observed several 
 min before the TD passage. The average values of  IMF in this interval is approximately GSE (x,y,z) 
= (2.0, -1.5, -2.0). Considering the topology of the anti-parallel reconnection, both flow bursts and 
magnetic tension caused by the dayside reconnection should be directed poleward and duskward in 
the northern magnetopause (see Figure 2.13). 
 On the other hand, the reversed two-cell convection pattern with an equatorward flow around 
magnetic noon at 1316 UT may also be interpreted as a bursty flow due to high-latitude reconnection 
caused by a rapid northward IMF turning  (-2 nT) after the TD passage. Since the change of the
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large-scale convection pattern propagates tailward on a similar time scale (4-13  min) and with a 
propagation velocity at  —1.5  MLT/min [see Murr and Hughes, 2001], the transition of the large-scale 
convection pattern itself could become the TCVs. 
  Dotted lines in Figure 2.13 show the expected regions of anti-parallel reconnection inferred from 
the criterion of Rodger et al. [2000] under the IMF conditions of southward Bz and negative By in 
summer solstice. It is also expected that the first pair of leading downward and trailing upward 
field-aligned currents derived from the northern magnetometer networks is associated with the 
eastward merging electric field (denoted as Esw in Figure 2.13) due to dayside reconnection. Since 
the magnetopause counter current flows from dusk to dawn, it gives rise to a system of downward 
field-aligned currents on the morning side and upward currents in the noon sector (see Figure 11 of 
 Glassmeier and  lieppner  [1992]). Such field-aligned currents occur naturally because of 
considerations of current continuity. In a similar manner, it is expected that the second pair of 
leading upward and trailing downward field-aligned currents is associated with the westward 
merging electric field at high latitude. The current system produced by this merging scenario does 
not conflict with the HFA current system. Furthermore, the current system produced by a pressure 
jump at the TD also does not conflict with the current system of the HFA mechanism. A  FIFA not 
only has a dynamic pressure decrease in the core but also has pressure pulses at the edge [Sibeck et 
al., 1999, 2000]. The pre-existent pressure enhancement at the TD would be further reinforced by the 
pressure pulse at the trailing edge of the HFA. Such a pair of localized rarefaction and compression 
regions might produce a much stronger gradient in the magnetopause deformation and produce 
further impulsive current systems. 
2.4.4 Energetics 
 In order to discuss the energetics of TCVs, a model current system is introduced in this Section. 
The model used in this Section is essentially based on the method of Kamide and Matsushita  [1979]. 
The electric current continuity equation and the Ohm's law for the ionospheric current are 
approximated as  follows. 
 V,  •  =  .4  sin  2,, (2.12) 
            it  =  E  (V(I)),  (2.13)
where  i„ is the height-integrated current density,  jil is the field-aligned current density flowing 
into the ionosphere,  x is the inclination angle of a geomagnetic field line with respect to the 
horizontal ionosphere,  E is the height-integrated ionospheric conductivity  tensor, and  I is the 
electrostatic potential. Neglecting any conductivity gradient, equation  (2.12) is reduced to the 
Poisson equation. The Poisson equation is numerically solved by a successive overrelaxation method 
for a given distribution of  field-aligned currents in spherical coordinates constructed with the gird
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points of 61 x 72 (every 1° in latitude and every 5° in longitude). Obtained electrostatic potential 
leads to the height-integrated current density via the equation  (2.  l3) The Biot-Savart's law is finally 
applied to reproduce ground magnetic perturbations. 
 wro)  Po  OW  x  (ro  r) 3                  dr (2.14)  4,  1r  —  r
Magnetic field vector  B(ro) is calculated from the three-dimensional current system j(r) using a 
matrix form of the Biot-Savart's law in spherical coordinates combined with the Ashour's 
relationship [Ashour,  1971]. The algorithm was shown by Kisabeth and Rostoker  [1977]. 
 The fitting procedure is subjectively done by trial and error. The final result is shown in Figure 
2.14 for the northern hemisphere. Taking into account he Pedersen and Hall conductivities in the 
realistic sunlit condition at 1316 UT on May 22, 1996, the principal and secondary diagonal of the 
height-integrated ionospheric onductivity tensor is taken as 5 mho and 10 mho, respectively. From a 
comparison between the left panel of Figure 2.14 and the middle right panel of Figure 2.3, at 1316 
UT, it is found that both horizontal and vertical magnetic perturbations are nicely reproduced. Also, 
the obtained convection speed of 500  m/s is consistent with SuperDARN observation (see Figure 
2.5). The obtained three-dimensional current system is shown in the right panel of Figure 2.14. 
Convergence and divergence of ionospheric urrents are clear around upward (blue) and downward 
(red) field-aligned currents, respectively. Itis concluded that the geomagnetic perturbations of TCVs 
with a peak amplitude  of  —100 nT and a horizontal scale size of —1000 km is consistent with a total 
current amplitude of  —0.1 MA with a potential drop of  —20 kV. From the dot product of electric field 
and ionospheric urrent, the total Joule heating rate is calculated as  4.2 GW in this case. 
 The fact that the magnetic impulse vents observed at IQ and SP have comparable amplitudes (see 
Figures 2.2 and 2.3) is one of the most interesting questions concerning the energetics of TCVs. In 
the May 22 event, in comparison with the northern hemisphere, small amplitude perturbations are 
observed in other Antarctic magnetometer stations (see Figures 2.2 and 2.3), which is consistent 
with low ionospheric onductivity in the dark southern hemisphere if the magnetospheric generator 
is the voltage generator. However, comparable amplitudes observed at IQ and SP can be interpreted 
as the properties of the current generator [e.g., Murr et al., 2002]. Lanzerotti et al.  [1991] also 
showed that most  MIEs have comparable amplitudes at a magnetic onjugate pair of  stations. The 
present wide spatial separation of the Antarctic magnetometer stations makes it difficult o settle this 
question. It is important to carry out measurements of geomagnetic perturbations with much denser 
arrays at least 100 km separation in Antarctica.










Figure 2.14. Modeling result of the TCV event at 1316 UT on May 22. 1996: (left) Ground 
magnetic field perturbations are shown with the same format as Figure 2.3 . Virtual 
magnetometers are distributed at 70°.  75°. and 80° in latitude and every  1.0 local time intervals 
from noon to dawn. (middle) Ionospheric convection velocity vectors >50  m/s are shown  every 
5° latitude and 1.0 hour local time  intervals_ Blue and red contour lines show negative and 
positive electrostatic potential distribution every 4 kV intervals without zero potential line. 
(right)  Ionospheric current vectors >10  A/km are shown  every 5° latitude and 1.0 hour local 
time intervals. Red circles show downward field-aligned currents with an amplitude of 0 .05 MA. 
while a blue circle shows an upward field-aligned current with an amplitude of  0 .1 MA.
  Equation (2.14) is quite general and can also be used to estimate magnetic field perturbations at 
geosynchronous orbit caused by the magnetospheric current system. Impulsive geomagnetic 
perturbations were observed at the geosynchronous orbit at 6.6 RE altitude as shown in Figure 2.15. 
The GOES 8 spacecraft was located in the prenoon sector during the TCV event as shown in Figure 
2.16. It is expected that pairs of field-aligned currents that produce the TCVs on the ground also 
produce impulsive magnetic field perturbations at geosynchronous orbit. A model current system 
shown in Figure 2.16 can reproduce the fundamental features of GOES 8 observation quantitatively 
as shown by dotted lines in Figure 2.15. The fitting procedure is subjectively done by trial and error. 
The field-aligned currents are assumed to flow along dipole magnetic fields originated from 70° 
ionospheric  latitude. The intensity of field-aligned currents flowing into and out of the ionosphere is 
assumed to be 0.5 MA and  1.0 MA, respectively. The separation angle of each field-aligned current 
is assumed to be 30° as inferred from Figure 2.3. The closure current is assumed to be azimuthal at 
20° below the magnetic equator. The motion of the current system from 12 to 6 hour local time is 
consistent with the ground observations of the TCVs. The SYM-H index shown in the bottom panel 
of Figure 2.15  al  so implies rarefaction during  1310-1315 UT and compression during  1315-1320 UT. 
 It is interesting to note from the comparison with the SYM-H index that this result can also be 
interpreted as a pair of localized rarefaction and compression of the magnetopause as shown in 
Figure  2.13_
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   Figure 2.15. Magnetic field perturbations at geosynchronous orbit as measured by GOES 8 in 
   GSE coordinates. The result of a three dimensional current system model is superposed as 
   dotted lines. The values of SYM-H index are also shown in the bottom panel. 
  In summary, the total current intensity is estimated as 1.0 MA in the magnetosphere, and  0.1 MA 
in the ionosphere. This large amplitude difference may be caused by an oversimplification of the 3D 
magnetospheric current system. The simplification from actual complicated current density 
distribution into a filament current form possibly causes such a significant overestimation of actual 
total current intensity. Another possibility for overestimation is that this estimation could include the 
magnetospheric currents which are not closed via the ionosphere currents. It is therefore concluded 
that the total current intensity of this TCV event should be an order of  0.1 MA in the magnetosphere, 
and consistent with the estimation from the ionospheric current. The power supply into the 
 ionosphere in this case is estimated as 1-10 GW, comparable value with that of typical SCs. It is 
worthwhile to consider the relative importance of TCVs to SCs because the induction effect due to 
SCs is known as dangerous in terms of space weather. The time scales of SCs and TCVs are similar 
(-10  min), and the occurrence probability of TCVs is  —10 times larger than those of SCs. 
Furthermore, it is much more difficult to identify the solar wind source of TCVs than that of SCs. 
There is another noteworthy point-of-view  for  the energetics of TCVs. TCVs frequently occur during 
quiet conditions when the background energy is a few GW under northward IMF. This means that 
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Figure 2.16. Model current system to reproduce magnetic field perturbations at geosynchronous 
orbit as measured by GOES 8. Field-aligned currents flowing into and out of the ionosphere are 
indicated by red and blue  lines, respectively. These field-aligned currents are connected each 
other via the closure currents flowing in the magnetosphere azimuthally as shown by green lines. 
The model current circuit is  azimuthally moved from  'start' to  'end' to produce the dotted lines 
in Figure 2.15.
2.5 Summary
 The solar wind source of the TCV event on May 22, 1996 is identified to be a TD exhibiting a 
rapid northward turning of the  IMF. This TD satisfies the criteria for HFA formation at the bow 
shock. That is, this TD has inward pointing MEFs at both sides of the TD and the normal vector of 
TD has a large cone angle with respect to the sunward direction. The sweeping motion of the 
intersection line of TD and the Earth's bow shock is also consistent with the observed motion of 
TCVs. The magnetopause deformations due to the HFA can explain the triggering process, temporal 
and spatial evolution of the current system, and all other observed features of the TCVs. Other 
mechanisms such as solar wind pressure pulses or dayside reconnection burst alone can not explain 
all of these features. The three-dimensional current system of the TCVs produces a transient 
production of localized aurora and localized F region irregularities with hundreds of km extent in the 
ionosphere. The total current intensity of this current system is estimated as an order of  0.1-I MA, 
and the total power supply into the ionosphere is estimated as 1-10 GW.
 -37- 
Chapter 3 
Statistical Study of MIEs
  In Chapter 2, it was shown that the tangential discontinuity (TD) is one of the most important 
solar wind  origins of traveling convection vortices (TCVs). The importance of the hot flow anomaly 
(HFA) was also shown by the comprehensive event  study_ In this Chapter, a statistical analysis is 
applied to magnetic impulse events (MIEs) to reveal the contribution rate of HFAs and several other 
generation mechanisms to produce TCVs. 
3.1 Magnetometer Data Analysis 
 Data obtained by the  fluxgate magnetometer at South Pole (SP) station are used to identify  MIEs 
for the 8 year period  1995-2002. Many past statistical studies of  MIEs have used visual detection for 
their event selections [Glassmeier et al., 1989; Vorobjev et  al.,  1994b; Sibeck and Korotova, 1996; 
Sitar and  Clauer, 1999]. Instead, this study uses a selection algorithm using the continuous wavelet 
transform [Torrence and Compo, 1998]. Assume that one has a wavelet function,  yr,  ,,(17)  , that 
depends on a non-dimensional time parameter  77. The best wavelet function, especially suitable for 
the objective and reproducible detection of solitary waveforms and therefore to detect  MIEs, is the 
Paul wavelet that has an identical waveform to that of typical MIEs: 
                               2frn imm!  
             o(g)= .‘ifir(2m)!(10(3.1)                                                         )-(m+1),
where m is the order, here taken to be 4. The wavelet function is shown in Figure 3.1. Assume that 
one has a time series,  xn, with an equal time spacing  bt  and  0... N  —1. The continuous 
wavelet transform of a discrete sequence  xn is defined as the convolution of  xn with a scaled and 
translated version of  wt,  (77)  :
 Wn(S)=EX,2,///*[(n' —n)4], (3.2) 
 n'  =0 
where the (*) indicates the complex conjugate.
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   Figure 3.1. Waveform of the wavelet function used in this analysis. The real part and imaginary 
   part for the Paul wavelet in the time domain are plotted by solid  and dotted lines. respectively. 
  These magnetometer data at SP used for MIE detection is the 3-component vector data with 10 s 
values in one day unit, after denoising, interpolating, and resampling with an equal time spacing of 
 10 s. That is, N = 8640 points and  c5 t  =10  s Here,  "MIE power" is defined as a scale-averaged 
wavelet power from 240 s to 640 s normalized by the scale-integrated time-averaged wavelet power 
with a  90-min running  window. For the Paul wavelet with the order of 4, the relationship between 
the Fourier period  A, and the wavelet scale s is  2  — 1.4s [Torrence and Compo, 1998]. In this 
case, the range of the Fourier period becomes 5.6  min to  14.9  min, corresponding to the typical  MIE 
duration. We selected events in which  MIE power is greater than 2. This criterion means that an 
impulsive target has more than twice the power of the running variance in a 90  min window. This 
factor of 2 is decided by tuning to find traditional  MIEs in the literature. Note that this criterion is a 
pattern matching process in any amplitude range, and independent of the absolute  MIE amplitude 
itself. 
 If the detected MIEs in different components are within  15  min, these MIEs are treated as the 
same event. In order to avoid any undesirable effects of the cone of influence [Torrence and Compo, 
1998] or nighttime substorms, only dayside events occurring between 6 and 18  MLT  (0930-2130 UT 
at SP) are selected. This is reasonable because  MIEs are concentrated on the dayside of the Earth 
[e.g., Lanzerotti et  al.  1991]. Finally, it is required that the peak-to-peak amplitude variation is 
greater than 100 nT during the MIE interval at least in one component, where "MIE interval" means 
the time interval 10  min before and after each extremum of  MIE power. A typical example of event 
detection for the HFA event on July 24, 1996 [Sibeck et al., 1999] is shown in Figure 3.2. The 
detected MIE is shown by vertical arrows.
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Figure 3.2. An example of M1E detection on July 24, 1996. Top three panels show the three 
components of magnetic field for 1-day interval measured by the fluxgate magnetometer at 
South Pole station. Bottom three panels show  M1E power for each of three components. The 
detected  M1E is shown by vertical arrows.
 The new detection algorithm of  MIEs described above is tuned to give almost identical detection 
efficiency in comparison to the past studies that have used human-eyes of magnetometer specialists. 
Consequently, the results in this analysis are remarkably consistent  with previous results in the 
literature. The final list consists of 825  MIEs for the 8 year period  1995-2002. This list includes the 
May 22, 1996 event investigated in Chapter 2, and other MIEs listed in Table 2.1. Also, 8 of 31 
TCV events analyzed by Murr and Hughes [2003] are included in the  MIE list. Murr and Hughes 
[2003] used criteria combining several magnetometers in the northern hemisphere to confirm the 
traveling nature of TCVs. Essentially, the list made in this study is almost identical with their list, 
with a difference mainly due to the difference of local time coverage between their magnetometer 
network and  SP.
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3.2 Solar Wind Discontinuity Analysis
  Solar wind data from the Wind and ACE spacecraft are used in order to provide information on 
 interplanetary magnetic field (IMF), solar wind velocity, proton temperature, and proton number 
density. For convenience, IMF and other plasma parameters at ACE and Wind that are used for the 
analysis are denoised, interpolated, and resampled with an equal time spacing of 64 s using the Key 
Parameter data from the CDAWeb (http://cdaweb.gsfc .nasa.gov/).  In this study, only far upstream 
solar wind data is required. However, Wind observes bow shock crossings around the time of its 
perigee. In order to remove such near-Earth data, a simple criterion that the Wind satellite is located 
more than 30 RE upstream is used. Since the Wind spacecraft moved away from the  Ll point after 
May 1998, the Wind-based analysis is terminated in 1998 and ACE data is used instead after 
February  1998_ Wind 3-s high-resolution data are used for detailed classification of  IMF 
discontinuities. OMNI data  (http://nssdc.gsfe.nasa.gov/omniweb/) of 1-hour averaged solar wind 
parameters are also used in this study in order to obtain background solar wind parameters. 
  Figure 3.3 shows an example of the 4 hour interval including the detected MIE at 1138 UT. The 
IMF discontinuity is detected using a criterion that the IMF changes its direction by at least 30° 
within 128 s (using the 64-s resampled data). Multiple discontinuities within 5  min are regarded as a 
single discontinuity. Detected IMF discontinuities are shown with vertical dotted lines in Figure 3.3. 
The final list includes about  4.7  x104 and  9.7  x104 IMF discontinuities during the period of 
1995-1997 for Wind and the period of 1998-2002 for ACE, respectively. 
  The selection of TDs from the detected IMF discontinuities is a central objective of this study. 
TDs play the role of a boundary separating different plasma regions. Significant jumps in any of 
total magnetic field, ion temperature, or ion number density are the first clue for TDs. On the other 
hand, the first clue for rotational discontinuities (RDs) is a negligible jump in every scalar parameter 
because RDs do not usually have such magnitude changes, unless there is a significant thermal 
anisotropy in the transition region [Hudson, 1970]. Conventionally, the normal vector of the IMF 
discontinuity plane is another clue to distinguish between TDs and RDs because TDs do not have 
magnetic field across the discontinuity plane, whereas RDs often do. 
 For the minimum variance analysis (MVA) described in Section 2.2.2, Wind 3 s data for the time 
interval of 30-120 s are used. The cutoff ratio of the intermediate to the minimum eigenvalues is 
taken as  A  Arni„ > 2 to define the discontinuities. The time lag between each MIE and 
corresponding IMF discontinuity is confirmed to be consistent in terms of the derived normal vector 
 nN,TvA with equation  (2.2), where nominal magnetopause position is assumed at GSE (x, y, z)  = (10, 
0, 0) as the target and the measured solar wind velocity as  V  . A maximum 20  min error is allowed 
for this lag coincidence test.
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Figure 3.3. An example of IMF  discontinuity detection. From top to bottom, solar wind  velocity, 
proton number density, total IMF,  Bx,  By, and Bz components in GSM coordinates are shown for 
a 4-hour interval on July  24, 1996. Detected IMF discontinuities are indicated by vertical dotted 
lines. The bottom two plots show variations of the H component at South Pole and the SYM-H 
index. The detected  MIE is indicated by vertical solid lines at 1138 UT.
 Total 36 MIEs are found to be appropriate for the detailed discontinuity analysis. Each of  these 
MIEs has a one-to-one correspondence with an IMF discontinuity. The number of events (36) is low 
because this one-to-one criterion is quite strict. Under our selection criteria of IMF discontinuities, 
there are two or more IMF discontinuities that could be the solar wind origin of most of the MIEs. In 
other words, several IMF discontinuities usually exist in one hour interval around MIE timing.
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Figure 3.4. Typical examples  of  (a) TD at 1942  UT  on November  10, 
UT on August  28, 1997. The format is the same as Figure 3.3.
 16:00 17:00 18:00 
Time 1997 Aug 28 (240) 
1996 and (b) RD at 1631
  Since there is no magnetic field across TDs, the normal vector of the TD,  n .fD, is deduced by a 
cross product of magnetic fields immediately upstream and downstream of the TD. Let us define  cp 
as the acute angle between  nil, and  nmvA  . The parameters  CI,  AB/B, AN/N, and  AVN are used to 
determine whether each event is a RD or a TD with the identification criteria listed in Table 3.1. 
Typical examples for TD and RD are shown in the left and right panels in Figures 3.4, respectively: 
The estimated time lag using equation (2.2) is 13  min for the November 10, 1996 event, and the 
observed time lag is 26  min. This is a typical TD event because  O = 9° and there are significant 
jumps in N and 13. The estimated time lag using equation (2.2) is 23  min for the August 28, 1997 
event, and the observed time lag is 21  min. This is a typical RD event because  8  = 90° and there are 
negligible jumps in N, V, and B. The 25 TD events and the remaining 11 events are listed in Tables 
3.2 and 3.1
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Table 3.2. MIEs and TDs with one-to-one correspondence.





































































































 Table 3.3.  MI  Es and RDs with one-to-one correspondence.

































Table 3.4. MIEs and Others with one-to-one correspondence.
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Figure 3.5. MIE occurrence distributions: (a) Histograms of MIE occurrence versus SYM-H 
 perturbations, (b) long term variations of the annual number of MIEs from 1995 to  2002, (c) 
histograms of MIE occurrence versus MLT. and (d) scatter plot of maximum amplitude versus 
MLT. Red and black histograms identify compressive MIEs with >5 nT SYM-H perturbations 
and non-compressive MIEs  with <5 nT SYM-H perturbations. respectively.
3.3 Occurrence Properties
  Statistical results for occurrences of 825 MIEs are shown in Figure 3.5. The  MIEs in Figure 33 
are divided into two types in terms of the amplitudes of the  SYM-H fluctuations: non-compressive 
 MIEs with <5 nT SYM-H perturbations (solid histograms) and compressive MIEs with >5 nT 
SYM-H perturbations (lighter histograms). From Figure 3.5a, it is found that MIEs with global 
compression/expansion signatures are about  17%. Note that a number of sudden commencements 
(SCs) are actually included in the 825 events. When we define SCs as events with >10 nT step-like 
jump within 10  min in the SYM-H index, a total of 66 SCs are found in the 825 events. This 
accounts for 8.0% of 825 MIEs.
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  Figure  3.5b shows the long term trend in the annual number of  MIEs for the period 1995-2002. 
The occurrence of compressive  MIEs increases from solar minimum to solar maximum. This 
suggests that the solar wind driver of MIEs tends to be more compressive in the maximum phase. 
Figure  3.5c shows MIE occurrences versus MLT for the 8-year period 1995-2002. The double-peak 
distribution originally reported by Lanzerotti et al.  [1991] is reproduced with a larger peak in the 
morning sector and a smaller peak in the afternoon sector. Note that the double-peak distribution is 
due to a dip in occurrence at 12 MLT bin. All other histograms exhibit a broad distribution with a 
single peak in the morning sector. The occurrence maximum in the local morning hours shown in 
Figure 3.5c are consistent with many other studies [Glassmeier et al., 1989; Vorobjev et al., 1999; 
Zesta et al., 2002]. Figure  3.5d shows a scatter plot of the peak-to-peak amplitudes of  MIEs versus 
MLT. Only the non-compressive events (total of 687 events) are plotted. The maximum amplitude 
tends to be larger in the prenoon sector than in the post-noon  sector. A similar distribution was 
reported by Sibeck and Korotova [1996].
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Figure 3.7.  Histograms of MIE occurrence versus solar wind parameters. Plotted are normalized 
occurrences versus (a) GSM longitude and (b) latitude of  IMF, (c) solar wind velocity, and (d) 
proton number density. Red areas indicate occurrences in the intervals 30  min before and after 
the timings of MIEs. whereas open areas indicate the distribution for the entire 8 year period 
using OMNI  1-hour averaged data.
 A comparison is made between the list of 825  MIEs and the list of  14.4  x  104 IMF 
discontinuities. Figure 3.6 shows seasonal variations in occurrences of MIEs and IMF 
discontinuities as histograms at 14 day intervals in sequence of the 8 years from  1995 to 2002. 
Histograms for both  MIEs and IMF discontinuities show similar seasonal trends. The correlation 
coefficients between the number of MIEs and that of  IMF discontinuities are 0.48 and 0.40 for 
1995-1997 Wind data and 1998-2002 ACE data, respectively. These values of correlation 
coefficients are statistically significant and suggest that both phenomena are correlated each other. 
 Figure 3.7 shows the normalized  MIE occurrence distributions (825  MIEs) as functions of the 
IMF orientations in the X-Y plane (top left), and the X-Z plane (top right), and solar wind speed 
(bottom left), and density (bottom right). Shaded areas indicate the occurrences of median values for 
the intervals of 30  min before and after 825 MIEs, whereas open areas outlined by thick solid lines 
indicate the distributions of interplanetary parameters for the entire interval 1995-2002 from  OMNI 
 1-hour averaged data. In  all cases, the times of solar wind data are shifted to the magnetopause 
position, considering the measured solar wind velocities and the separation distances along the
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Sun-Earth line, and assuming the flat and non-tilted discontinuity planes. The magnetopause is taken 
as a target at GSE (x, y, z) = (10, 0, 0) for the arrival estimation. As shown in Figure 3.7, MIEs 
occur under a wide range of solar wind conditions. A preference for the  IMF direction approaching 
to the Sun-Earth line (Figure  3.7a) is consistent with previous statistical results [Konik et al.,  1994; 
Sibeck and Korotova, 1996; Vorobjev et al., 1999]. It is also found that MIE occurrence probabilities 
increase in high-speed (Figure 3.7c) and low-density (Figure 3.7d) solar wind.
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3.4 Discussion
  First, the cause of the long-term trends found in the occurrences of  MIEs and IMF discontinuities 
is discussed. In Figure 3.8, the top panel shows the seasonal variations of  these two parameters, 
averaged over the 8 year period 1995-2002. The histograms of MIEs and IMF discontinuities are 
shown by black lines and red lines, respectively. The occurrences of MIEs are characterized by a 
weak semi-annual variation with maxima in the spring and fall seasons. The occurrences of 
discontinuities also have a maximum in fall. The absence of a clear maximum in spring is due to 
large fluctuations in the occurrence number of discontinuities in the period from January to March 
during the solar maximum phase when we  analyzed. For example, it is clear from Figure 3.6 that 
triple peaks in the beginnings of January, February, and March are found in both 2000 and 2001. A 
semi-annual trend of  MIE occurrences was reported by Sibeck and Korotova  [1996], based on 
magnetometer data acquired in the northern hemisphere. In contrast, Glassmeier et al.  [1989] found a 
minimum in occurrence during equinoxes in their statistical study, and Zesta et  al. [2002] concluded 
that there is no clear seasonal variation for TCV events. 
 It is also worthwhile to note here that there is an apparent preference in  MIE occurrence 
probabilities for high-speed and low density solar wind conditions. These are the conditions 
associated with  coronal hole streams, although  MIE occurrences also include many intervals with 
normal conditions, or even conditions opposite to those expected for coronal holes. It is noteworthy 
that Tsurutani and  Ho  [1999] have shown that the number of IMF discontinuities increases in the 
solar wind originating from  coronal holes. The semi-annual variation of MIE occurrence may be 
explained by the 7° declination of the Sun's rotation axis to the ecliptic plane. In this geometry, 
high-speed streams from coronal holes with inward (outward) IMF tend to hit the Earth in spring 
(fall). A similar but more complicated effect has been discussed for geomagnetic activity for a long 
time [e.g., Russell and McPherron,  1973]. The bottom panel in Figure 3.8 shows histograms for the 
durations of high-speed (>600 km/s) streams, averaged over the 8-year period 1995-2002. It is clear 
that the durations of the streams with inward (outward) IMF increase in spring (fall), consistent with 
the hypothesis. However, the solar wind conditions of high-speed streams and low densities are 
inconsistent with previous statistical results concerning the occurrence conditions of MIEs [e.g., 
Sibeck and Korotova, 1996; Vorobjev et  al., 1999]. This discrepancy may be due to different data 
sets. The MIE list in this study has 825 events covering from solar minimum to solar maximum 
conditions. This large event number and long-term period would produce much reliable results 
compared with the past  studies.
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Figure 3.8. (top) Averaged occurrences of  MIEs (black lines) and TDs (red lines) integrated 
over the 8-year period 1995-2002. (bottom) Histograms for the durations of high-speed (>600 
km/s) streams averaged over the 8-year period 1995-2002. High-speed streams with inward and 
outward IMF are distinguished as blue and red lines,  respectively.
  Secondly, the solar wind origins and the generation mechanisms of MIEs are discussed. TDs 
would include several different mechanisms for producing MIEs as previously proposed, such as 
bursty reconnection, pressure pulses, and HFAs as discussed in Section 2.4.3 (see Figure 2.13). It is 
important to find the percentage of each of these driving mechanisms contributing to the production 
of  MIEs. Out of the 36 events listed in Tables 3.2 and 3.3, the numbers of positive, negative and no 
Bz turnings are 11, 12, and 13, respectively. From this result, it is concluded that the bursty 
reconnection mechanism may explain at most  —30% of MIEs. There are 6 MIEs with SYM-H 
variations >5 nT in the 36 events. From this result, it is concluded that the pressure pulse mechanism 
may explain at most  —20% of MIEs. The small number of events that are related to pressure pulses is 
consistent with previous studies [Konik et al., 1994; Sibeck and Korotova, 1996; Vorobjev et al., 
1999]. Note that this occurrence rate of compressive MIEs is very similar to the result of Figure 
3.5a. On the other hand, there are 25 TDs, 8 RDs and 3 Others in Tables 3.2, 3.3, and 3.4. That is, 
 ..70% of the  IMF discontinuities that are associated with MIEs are TDs. These TDs have special 
characteristics as discussed below. 
 Previous studies have shown that the formation of HFAs requires solar wind  motional electric 
fields (MEF) pointing toward TD, at least on one side of TD [Schwartz et al., 2000]. Figure 3.9 
shows a scatter plot of the angles between the 25 TD normal vectors and the  MEF for the events 
given in Table 3.2. The five (of 25) TD events (20%) in the right bottom sector do not have inward 
pointing MEF on either side. It is important to note that these five events are accompanied by 
positive or negative  IMF Bz turnings. This may imply some contributions of reconnection processes 
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Figure 3.10. Directions of normal vectors of TDs associated with  MIEs . The normal vectors are 
displayed in the RTN coordinate  system _ with R radially out from the  Sun, N northward, and T 
completes the right-handed triad. The plot shows a view from the Sun , with T to the left and N 
toward the top. The radial coordinate in the plot gives the cone angle from the R axis from 0° 
(center) to 90° (outer edge). Conventionally, normal vectors are reversed as is required to ensure 
positive R components. Occurrences of MIEs in the dawn (dusk) sector are indicated by red 
(blue) circles. Other MIEs in the noon sector (11-13 MLT) are indicated by black circles. The 
event number of Table 3.2 is indicated for each event .
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  Figure 3.10 shows the directions of the TD normal vectors associated with MIEs in the RTN 
coordinate system with R radially out from the Sun and N northward. We classified the TDs into 
three groups: TDs related to MIEs occurring in the dawn (dusk) sector are indicated by red (blue) 
circles. Other events in the noon sector  (11-13 MLT) are indicated by black circles. It is found from 
this result that the orientations of TDs control the generation sites of MIEs. The same TD will first 
lie tangent to the bow shock on one side, then intersect it on the same side, and then intersect it on 
the other side.  MIEs are more common on the dusk side when TDs intersect the dusk bow shock at a 
perpendicular angle, and vice-versa. The large cone angle of the TD normal  (>-40°) is another 
condition for enhancement of the TD-bow shock interaction. HFAs prefer such a condition because 
the effective time of the interaction between the TD and the bow shock becomes longer [Schwartz et 
 al.,  2000]. Combining the above two HFA criteria of inward MEF and large cone angle, there are 17 
TD events that satisfy both criteria simultaneously. Since total 36 MIEs (25 TDs,  8 RDs, and 3 
others) were selected, we can conclude that HFAs can explain at most  —50% of MIEs. 
  Finally, the importance of the interaction between the solar wind and the bow shock is discussed. 
The results shown in Figure 3.7 confirm that low density, high-speed solar wind conditions, and/or 
radial IMF conditions are evidently more favorable for occurrences of MIEs. A significant 
correlation in the occurrences of MIEs and IMF discontinuities was also found from the long term 
analysis as shown in Figure 3.6. Furthermore, as shown in Figures 3.9 and 3.10, significant 
preferences are found in MIE occurrences for TDs with inward MEF and large cone angle conditions 
that are the empirical criteria for HFA formation at the bow shock [Schwartz et  al., 2000]. However, 
the fact that approximately 100 times as many IMF discontinuities as  MIEs are observed suggests 
that  IMF discontinuities themselves may be an inefficient source of MIEs, although the factor of 
 —100 could be reduces to the factor  of  —10, considering the fact that SP alone can not detect all the 
MIE signatures on the ground and assuming that the local time coverage of SP is a few hours. Some 
special properties, such as TDs with inward pointing MEF, should be needed if IMF discontinuities 
are a necessary condition for triggering MIEs. On the other hand, there could be other driving factors. 
High-speed stream and radial IMF enhance the interaction between the bow shock and incoming 
solar wind to produce foreshock cavities via the ion beam instability [Sibeck et al.,  2001]. It is also 
worthwhile to note here that there is no discontinuity as a possible source for the TCV event on June 
6, 1997, and strongly radial IMF is a possible cause of the TCV event [Kataoka et al.  2001]. 
Triggering processes and noonward motion of the TCV can be explained by foreshock cavities. This 
evidence implies that IMF discontinuities are not always needed to produce MIEs, and not only 
HFAs but also foreshock cavities are important mechanism to produce MIEs. For example, it is 
possible that IMF discontinuities are more common under high-speed stream and so are  MIEs, and 
foreshock cavities are sensitive and unstable to produce MIEs under such conditions. In this reason, 
it is concluded that both HFAs and foreshock cavities are the main cause of MIEs.
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3.5 Summary
 The lists of  MIEs and IMF discontinuities were compiled during the 8-year period 1995-2002 that 
covers from solar minimum to solar maximum. From the comparison between the two lists, it was 
found that seasonal variations in occurrences of IMF discontinuities and  MIEs have a significant 
correlation to each other. It was also found that MIEs tend to occur during intervals of low density, 
high-speed solar wind streams, and/or radial IMF. Of the 36 one-to-one correspondence events 
between MIEs and IMF discontinuities, —70% of IMF discontinuities are identified to be TDs. The 
HFA mechanism can explain at most  —50% of the  MIEs, and dayside reconnection burst or solar 
wind pressure pulses were possibly associated with about —30% and —20% of the  MIEs, respectively. 
The relationship between the three-dimensional orientation of TDs and the generation site of MIEs is 
also consistent for the HFA mechanism. All of the obtained results are consistent with HFAs or 
foreshock cavities being the main cause of  MIEs.
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Chapter 4 
 Simulation of TCVs
 As shown in Chapter 2, it is revealed that one of the most important sources of  traveling 
convection vortices (TCVs) is the magnetopause deformation due to hot flow anomalies (HFAs). 
Statistical results in Chapter 3 also suggest that the magnetopause deformation due to both HFAs 
and foreshock cavities is the fundamental source of TCVs. The essential effect of these HFAs and 
foreshock cavities on the magnetosphere can be simplified and represented by a "localized density 
pulse" superposed just in front of the bow shock. In this Chapter, the transient response of the 
Earth's magnetosphere-ionosphere system to such a localized density pulse in the solar wind is 
investigated using a global magnetohydrodynamic  (MHD) simulation. It is demonstrated that this 
model can reproduce the characteristics of TCVs.
4.1  Simulation Model
 All of the previous simulation models [Lysak and Lee, 1992; Slinker et al.,  1999; Chen et al., 
 2000] reproduce symmetrical vortices with respect to the noon-midnight meridian because these 
models dealt with uniform pressure pulses. However, observed TCVs do not show such a dawn-dusk 
symmetry.  Statistical studies show the dominant occurrence of the morning TCVs as shown in 
Figure 3.5c. In addition, pressure pulses localized in the prenoon sector may be a more realistic 
solar wind input in terms of foreshock cavities [Sibeck et al.,  2001]. In this scope, a localized density 
pulse is placed in the prenoon sector just in front of the bow shock as shown in Figure 4.1. 
 The numerical technique used in this study was developed by Tanaka  [1994, 1995, 2000a, 2000b]. 
The finite volume (FV) total-variation diminishing (TVD) scheme is employed to solve the 
three-dimensional  MHD equations in a solar wind-magnetosphere-ionosphere system. The boundary 
conditions and the grid system are explained in detail by Tanaka  12000a]. The outer and inner 
boundaries for the simulation are at 200 RE and 3 RE from the center of the Earth. Simulation results 
at 3 RE are mapped along dipole field lines to the ionosphere at  1 RE. The inner boundary condition 
is given by current continuity and continuity of plasma flows tangential to the ionosphere. The 
height-integrated ionospheric conductivity is given by considering the effects of solar EUV, diffuse 
auroral precipitation, and upward field-aligned current. The grid system within the dayside 
magnetosphere is basically a spherical coordinate  system. The spatial resolution in the dayside 









Figure 4.1. Schematic illustration of the simulation model. Solar wind number density is 
enhanced to 25  /cc within the red column from  10  /cc outside the column. The equatorial cuts of 
the magnetopause and the bow shock are shown by black and blue lines, respectively. The 
three-dimensional magnetopause surface is also indicated by black circles.
 Initial conditions are basically the same as the ones given by Fujita et al.  [2003] except for the 
localized compression of the magnetosphere. As shown in Figure 4.1, a cylindrical density 
enhancement with 2 RE radius aligned with Z axis is superposed upstream of the prenoon bow shock 
at Y = -5 RE, where X and Z axes denote the sunward and the northward direction, respectively, and 
Y completes the orthogonal triad. The solar wind density is set to be  25  /cc and 10 /cc inside and 
outside of the column, respectively. The solar wind velocity is 350 km/s in the negative X direction, 
and the corresponding dynamic pressure is 5.1 nPa and 2.0 nPa inside and outside of the column, 
respectively. In order to investigate the power supply due to the density impact regardless of dayside 
reconnection effects, IMF is set to be northward, IMF (Bx,  By, Bz) = (0.0, 2.5 nT, 4.3 nT). The time 
axis is selected so that the density column appears in the upstream region of the Earth's bow shock 
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Figure 4.2. Equatorial maps of plasma density for the time interval from 2.1  min to 7.0 
The contour interval is 5  /cc. Magnetopause location is shown as a white line in each panel.
 min.
 Figure 4.2 shows the time evolution of the density distribution in the magnetospheric equatorial 
plane for the time interval from  2.1  min to 7.0  min to overview simulated plasma disturbances in the 
magnetosphere. We close up the prenoon sector because of no significant disturbances in the 
postnoon sector. Magnetopause location is shown with a white line in each panel. The density 
column arrives at the magnetopause at  2.1  min with a peak density of >50/cc in the  magnetosheath. 
The density column leads to a ripple propagating antisunward along the magnetopause after 3.0  mm. 
Both the density column and the magnetopause ripple decay as traveling antisunward. The azimuthal 
extent of the magnetopause ripple  (-5 RE) is comparable to that expected from observations of 
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Figure 4.3. Time variation of field-aligned currents (colors) at the ionosphere level and that of 
the ionospheric electric potential (contour lines) for the time interval from 2.1  min to 7.0  min 
and in the latitude range higher than  60°. Red and blue colors indicate downward and upward 
field-aligned currents. The contour interval is 2 kV for the potential. Chains of circles indicate 
the ionospheric footprints of 70° and  75° magnetic field lines
4.2 Ionospheric Disturbances
 TCVs are reproduced in this experiment as shown  below. Figure 4.3 shows temporal variations of 
field-aligned currents every 1  min in the latitude range higher than 60° in the ionosphere and for the 
time interval from  2.1  min to 7.0  min. Field-aligned currents shown by red and blue colors are 
downward (into the ionosphere; positive) and upward (out of the ionosphere; negative), respectively. 
Superposed contour lines show the ionospheric electric potential. The electric potential corresponds 
to the ionospheric convection vortices. In the northern hemisphere, ionospheric plasma flows 
clockwise and counterclockwise along the negative and positive contour lines, respectively. The first 
panel at 2.1  min shows a quasi steady current system and a corresponding convection pattern under 
northward  IMF condition as explained by Tanaka et al. [1999]. There are no signals associated with 
the density impact at 2.1  min. In order to demonstrate the perturbed features clearly, five panels after 
 2.1  min show the deviations of field-aligned currents and those of potential from those at 2.1  min. 
 At 3.0  min, a pair of clockwise (negative potential) and counterclockwise (positive potential) 
vortices appears at latitudes of  —70° centered around 8-9 and 11-13 hour local time (LT), respectively. 
In the time interval 4.0-6.0  min, the positive potential peak moves from 11 LT to 9 LT at the latitude
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 of  —75°, resulting in the averaged propagation speed  of  —7 km/s. At 5.0  min a new clockwise vortex 
(negative potential) appears centered around 11-13 LT. In the interval of 6.0-7.0  min, the negative 
potential peak moves from 12 LT to  11 LT at the latitude of  —75°, giving an averaged propagation 
speed of  —7 km/s. The propagation speeds of the simulated TCVs are comparable with 
magnetometer observations  [Murr et al., 2002; Kataoka et  al., 2001; 2002; 2003; Amm et al., 2002]. 
The skew of the simulated TCVs as moving away from noon is also consistent with magnetometer 
observations [e.g.,  Friis-Christensen et  al., 1988;  Ltihr and Blawert, 1994; Moretto et al., 1997; Murr 
 et  al., 2002]. 
  It is interpreted that field-aligned currents generate the ionospheric potential. At 3.0  min, a pair of 
upward and downward field-aligned currents appears at  latitudes of  —70° centered around 8-9 and 
11-13 LT, respectively. This is essentially the same signature as the preliminarily impulse phase 
explained in detail by Fujita et al. [2003] except for a less LT extent due to the localized compression. 
At 4.0-5.0  min, when a pair of field-aligned currents grows and shifts toward higher latitudes and 
westward, a new upward field-aligned current appears at latitudes lower than the area of the 
preceding downward field-aligned current centered around 11-13 LT. After 6.0  min, a new pair of 
preceding downward and trailing upward field-aligned currents shifts westward with less 
distinguished latitudinal motion. In past observational studies, field-aligned current densities 
associated with TCVs have been estimated to be of the order of  1  µA/m2  [Glassmeier et al., 1989; 
Glassmeier, 1992; Lanzerotti et  al., 1991;  Liihr and Blawert, 1994;  Ltihr et  ai., 1996; Murr et al., 
2002; Amm et al., 2002]. The maximum density of a pair of field-aligned currents in our simulation 
is —0.3  µA/m2. The field-aligned currents are strong near the poleward and the rear edge of the 
simulated TCVs. This is also consistent with the picture obtained from recent observations [Kataoka 
et al., 2001; Amm et al.,  2002]. In other words, the TCV centers tend to be located equatorward of 
the field-aligned current peaks. This could attribute to the fact that TCVs are often mapped well 
inside of the magnetopause [Moretto and Yahnin, 1998], while sometimes the source region was 
located much closer to the magnetopause [Kataoka et al.,  2001]. Thus it is concluded that the 
simulated ionospheric disturbances exhibit the common properties similar to those observed during 
TCVs.
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magnetospheric plasma flows (arrows) and vorticities (colors) on the 
renoon sector for the simulation time interval from  2.1  min to 7.0  min. 
region where magnetic field is almost perpendicular to the  equatorial 
l . i  f ir l  indicate the equatorial intersects of 70° and 75° magnetic field lines.
4.3 Magnetospheric Disturbances
 From the simulation result of the ionospheric response, it is revealed that the localized density 
pulse in the solar wind is a possible source of TCVs. Therefore, the numerical results deserve to be 
analyzed in detail for investigation of magnetospheric plasma processes associated with TCVs. In 
order to understand how the field-aligned currents driving the simulated TCVs are generated in the 
magnetosphere, the magnetospheric plasma disturbances caused by the localized density pulse is 
investigated first. Bearing in mind that magnetospheric plasma flows and vorticities convey 
fundamental information about the magnetosphere-ionosphere system, their temporal variations in 
the equatorial plane are shown in Figure 4.4. Vectors of perpendicular plasma flows are shown as 
black arrows. Red and blue colors show positive and negative vorticities, respectively. The positive 
and negative vorticities correspond to downward (into the ionosphere) and upward (out of the 
ionosphere) field-aligned currents, respectively. The inner and outer chains of circles in Figure 4.4 
are the equatorial intersects of the field lines originated from the ionosphere at latitudes of 70° and 
75°, respectively. The ionospheric ends of the 70° and 75° field lines are also shown as chains of 
circles in Figure 4.3.
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  In the magnetosphere at 2.1  min just before the impact, there are weak sunward flows in the 
magnetosphere and strong antisunward flows in the magnetopause region. These flows are 
associated with quasi steady magnetospheric plasma convection under northward  IMF condition as 
explained by Tanaka  [1999]. At 3.0  min, the density impact impinging onto the magnetopause 
invokes earthward flows around the perturbed region. This is a signature of compressional 
disturbance. The flows turn toward antisunward in the front region of the disturbance in the inner 
magnetosphere  (L<6). There appears a flow shear, in other words,  Alfven mode disturbances with 
field-aligned currents are produced. Actually, we confirmed that this is the mode conversion from the 
compressional wave to the shear  Alfven wave by the same way as discussed by Fujita et al. [2003]. 
At 4.0  min, these antisunward flows turn sunward to induce a flow shear in reverse sense. The same 
type of the shear structure was first reported by Slinker et al.  11999]. The flow shear fades away 
gradually after 5.0  min as propagating antisunward. 
  Basically, the electric charge, equivalent of the vorticity in the first approximation, is transmitted 
to the ionosphere as the electric potential with an  Alfven transit time delay because the energy is 
conveyed by shear  Alfven waves with field-aligned currents. There is 20-60 s (80-140 s) propagation 
time of  Alfven waves from the equatorial plane to the 70°  (75°) ionosphere along the magnetic  field 
lines. Considering this time delay, the vorticity distribution in Figure 4.4 almost corresponds to the 
electric potential distribution at the ionosphere in Figure 4.3. It is worthwhile to note here that the 
distribution of the vorticity itself shows the skew in the equatorial plane. The longer  Alfven transit 
time in higher latitudes also enhances the skew of the TCVs in the ionosphere. In terms of the 
position of the source current of the field-aligned currents driving the simulated TCVs, it is 
concluded that the magnetopause current has a minor importance because of two reasons. First, there 
is a small field-aligned current near the open/close boundary at the ionospheric latitude of  —80° 
compared with the one of —75° in Figure 4.3. The second reason is that the  Alfven transit time from 
the equatorial magnetopause to the ionosphere is too long (5-8  min) to become the effective source 
of the simulated TCVs.
4.4 Wave Equation of Field-Aligned Currents
 The previous discussions revealed the correspondence between the ionospheric potential and the 
vorticity in the magnetosphere. However, the exact generation mechanism of  field-aligned currents 
associated with TCVs remains an open question. It is possible to answer the question quantitatively 
by using the full 4-dimensional time-space data obtained through the simulation. However, in the 
realistic ambient magnetic field and plasma environment, it is difficult to analyze the 
magnetospheric disturbances by applying the former theoretical approaches developed under a 
simplified  condition. The formula suitable for such analysis is the wave equation of field-aligned
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currents proposed by  Itonaga et  al. [2000]. The wave equation is introduced below to evaluate the 
generation mechanism of field-aligned currents in detail. 
          15284 Ia v asiII                    -= T1+ T2 + T3 + T4 (4.1) 
           vA2 at,7  2A as2A as B                  V 
_ 
                 1 
     TV1 = ---(1/A2- 8j, ) (4.2) 
                  V.:a2 
       1 
     T2= '72[v(vA'sj, )1  (4.3) 
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    T3 =1=-V ,PBjp(4.4) 
                VA, as /9,7 
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I  (  asti     oi
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The variable s is a distance measured along the magnetic field line and increases in the direction of 
 B  . The subscript  Ir stands for a scalar component parallel to  B  . The term  (Sp, =  BOB!  "I, is the 
perturbed magnetic pressure. 
 As shown in equations (4.2) and  (4.3), TI and T2 mean that the perturbed field-aligned current is 
produced by the perturbed inertia current (4.6) where there is inhomogeneity of  Alfvën speed or 
curvature of the magnetic field line, respectively. The third term T3, shown in equation (4.4), shows 
that the perturbed field-aligned current is caused by the perturbed diamagnetic current (4.7) where 
the unperturbed magnetic pressure is inhomogeneous. The forth term T4, shown in equation (4.5), 
means that the perturbed field-aligned current is generated by perturbations of the magnetic and 
plasma pressures where the diamagnetic current (4.7) flows in the unperturbed state. Note that the 
term  T  1 corresponds to the model suggested by  IAA- et al.  [1996] (L96), while the terms T3 and T4 
are associated with the model suggested by Glassmeier [1992] (G92). Therefore, we can investigate 
the importance of these proposed models by evaluating these source terms from the simulated 
results. 
 Since there are no TCV models discussing the generation of field-aligned currents via the 
curvilinear effect T2, the meaning is explained in detail. Assume that the ambient magnetic field as 
B = x  vco  , where  t and  ço are Euler potentials [Stem, 1967], and  VII)  •  V  go = 0 without 
loss of  generality_ The Euler potentials  41) and  co are constant along each magnetic field line and
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label the meridional and longitudinal directions, respectively. When the characteristic length in 
spatial variation of the perturbed inertial current is much smaller than those of the scale factors of the 
Euler potentials and the  Alfven speed, we can approximate the term T2 in a simple form [Itonaga et 
 al. 2000] 
            1[v2(v
A2(5.ii  )]2 agi,„,(4.9)      VA 2 R, 
where  R, denotes the radius of curvature of the magnetic field line designated by  (I)  . Equation 
(4.9) means that the curvilinear effect is enhanced when perturbed  inertial currents in the curvature 
direction vary along with the magnetic field line in the case that there is a significant curvature. 
Therefore, the main source current of the curvilinear effect is the curvature component of the 
perturbed inertial current. 
 In order to evaluate each term in equation (4.1), we need to calculate perturbed values of MHD 
parameters. The perturbed values are defined as their deviations from those before the solar wind 
impulse at  2.1  min. The perturbed inertia current (4.6) is evaluated based on the following equation: 
 pa8u  =  (  j  +  j)  x  (B  +  bB)  V(p  +  p)  (4.10)  at
Spatial derivatives are approximated by a central difference in spherical coordinates.
4.5 Discussion
  Now it is discussed how the dominant field-aligned currents are excited in the magnetospheric 
source regions which are mapped to ionospheric latitudes of 70° and 75°. These  field-aligned 
currents are associated with the strong perturbed flow shear as shown in Figure  4.4. Figures 4.5 and 
4.6 show the three-dimensional view of the magnetic field lines originated from the ionospheric 
latitudes of 70° and 75°, respectively. The circles in Figures 4.3 and 4.4 are the footprints of these 
magnetic field lines at both ends. Figures 4.5 and 4.6 have the same format and the same color scale 
for comparisons. The magnetopause positions at 2.1  min and 3.0  min are depicted as dotted and solid 
lines, respectively. Results are shown as snapshots at 3.0  min. The generation mechanism discussed 
hereafter is essentially the same even after 3.0  min, although the amplitude decays. 
 On the 70° latitude filed lines, the diamagnetic terms T3 and T4 are negligible as shown in 
Figures 4.5c and 4.5d. Figures 4.5a and 4.5b show that, around the LT sector of the magnetopause 
ripple, the inhomogeneous effect  T1 is dominant near the equatorial region, while the curvilinear 
effect T2 is dominant on the high latitude field lines off from the  equatorial plane. This 
inhomogeneous effect  Tl is interpreted by the mode conversion from compressional wave to shear 
 Alfven wave that occurs in the equatorial magnetosphere of 6<L<7 where the radial gradient of 
 Alfven speed is enhanced as explained by Fujita et al. [2003].
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Figure 4.5. Three-dimensional view of the magnetic field lines on the L = 6-7 shell originated 
from the ionospheric latitude of  70°. The magnetopause positions at  2.1  min and 3.0  min are 
depicted on the equatorial plane as dotted and solid  lines. respectively. Red and blue colors 
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Figure 4.6. Three-dimensional view of the magnetic field lines on the L = 8-10 shell originated 
from the ionospheric latitude of  75°. The format and color scale are the same as Figure 4.5.
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  On the 75° latitude filed lines, the diamagnetic terms T3 and T4, are negligible as seen in Figures 
4.6c and 4.6d. The inhomogeneous effect  T1 is not dominant as shown in Figure 4.6a because of a 
lack of sharp gradient of  Alfvën speed. As shown in Figure 4.6b, the curvilinear effect T2 is 
dominant off from the equatorial plane in the LT sector of the magnetopause ripple. The curvilinear 
effect appeared in Figures 4.5b and 4.6b does not mean the mode conversion, but is interpreted by 
the conversion of polarization current into the field-aligned current within the shear  Alfven mode. 
  Let us summarize the evaluation of the generation mechanisms of field-aligned currents discussed 
above. The field-aligned currents driving the simulated TCVs are mainly generated in the 
magnetospheric region of 6<L<10 with the inner and outer boundaries mapped to the ionospheric 
latitudes of 70° and 75°,  respectively. The magnetopause, dealt by Kivelson and Southwood [1991] 
(KS91) and G92 model, is not identified as the main source region. The field-aligned currents 
produced in the  KS91 and G92 models may be discriminated when the magnetopause ripple is much 
amplified, for example, as shown in Sibeck et  al. [1999]. Simulation runs using several different 
types of solar wind drivers are very interesting as the next step. The field-aligned current suggested 
by the L96 model is not identified in the outer region mapped to the ionospheric latitude of 75°, 
although the mode conversion takes place in the inner region mapped to the ionospheric latitude of 
70°. This is because the LLBL plasma in our simulation is not included as proposed by the L96 
model. In the real magnetosphere, however, the field-aligned current of the L96 model would be 
enhanced in the outer region because of sharp gradient of  Alfven speed at the inner edge of the 
 LLBL. 
 Figure 4.7 shows an illustration summarizing the dominant generation mechanism of pairs of 
field-aligned currents due to a localized density pulse. The magnetopause is deformed by the 
localized impact, and a ripple structure moves antisunward. In-out plasma acceleration accompanied 
with the magnetopause deformation causes the inertia current, and the vorticity arises in the 
magnetosphere. Since the vorticity is approximately equivalent to the electric charge, discharge 
occurs via field-aligned currents in two ways. In the  magnetospheric region of 8<L<10, the inertial 
current is converted into the field-aligned current off from the equatorial plane via the curvilinear 
effect. On the other hand, in the magnetospheric region of 6<L<7 where the sharp gradient of  Alfven 
speed exists, the inertia current is converted into the field-aligned current not only by the curvilinear 
effect but also via the inhomogeneous effect.
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Figure 4.7. Summary sketch to describe the generation mechanism of field-aligned currents 
caused  by a localized  density pulse in the solar wind.
4.6 Summary 
 The essential effect by the production of the bow shock processes such as  HFAs and foreshock 
cavities can be simplified and represented by localized density pulses. TCVs are reproduced by a 
global MHD simulation of the transient response of the magnetosphere-ionosphere system to such a 
localized density pulse in the solar wind. The dominant source of the field-aligned currents driving 
the simulated TCVs does not exist in the magnetopause region. The main source current of the 
filed-aligned currents is the inertial current associated with plasma acceleration within the 
magnetosphere near the impact region. The curvilinear effect off from the equatorial plane is an 
important mechanism to produce the field-aligned currents. The inhomogeneous effect also 
generates the field-aligned currents at L = 6-7 where the sharp gradient of  Alfvën speed exists.
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Chapter 5 
Conclusion
 The whole topics associated with traveling convection vortices (TCVs) are compiled in this thesis. 
The generation mechanism and the energetics of TCVs are quantitatively revealed based on both 
observations and theories. Interaction processes between tangential discontinuities (TDs) and the 
Earth's bow shock play a dominant role for the generation of TCVs via the production of hot flow 
anomalies (HFAs). The magnetopause deformations due to localized pressure pulses associated with 
HFAs can explain the triggering process, temporal and spatial evolution of the three-dimensional 
current system, and all other features of TCVs. The inertial current associated with plasma 
acceleration within the magnetosphere near the impact region is converted into the field-aligned 
current to form this three-dimensional current system. This current system causes a transient 
production of localized dayside aurora and localized F region irregularities, with hundreds of km 
horizontal extent in the ionosphere. The total current intensity of this current system is 0.1-1 MA, 
and the total power supply into the ionosphere is 1-10 GW. It is concluded that TDs are the most 
effective solar wind discontinuities to produce TCVs, and the three-dimensional structure of TDs is 
essential to understand and to predict the transient response of the Earth's magnetosphere to solar 
wind  discontinuities.
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